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Abstract

Diabetic nephropathy is derived from long-term effects of high blood glucose on kidney func-

tion in type 2 diabetic patients. Several antidiabetic drugs and herbal medications have

failed to prevent episodes of DN. Hence, this study aimed to further investigate the renal

injury-reducing effect of antidiabetic CmNo1, a novel combination of powders of fruiting bod-

ies and mycelia of Cordyceps militaris. After being administered with streptozotocin-nicotin-

amide and high-fat-diet, the diabetic nephropathy mouse model displayed elevated blood

glucose and renal dysfunction markers including serum creatinine and kidney-to-body

weight ratio. These elevated markers were significantly mitigated following 8 weeks CmNo1

treatment. Moreover, the chronic hyperglycemia-induced pathological alteration in renal tis-

sue were also ameliorated. Besides, immunohistochemical study demonstrated a substan-

tial reduction in elevated levels of carboxymethyl lysine, an advanced glycation end product.

Elevated collagenous deposition in DN group was also attenuated through CmNo1 adminis-

tration. Moreover, the enhanced levels of transforming growth factor-β1, a fibrosis-inducing

protein in glomerulus were also markedly dampened. Furthermore, auxiliary risk factors in

DN like serum triglycerides and cholesterol were found to be increased but were decreased

by CmNo1 treatment. Conclusively, the results suggests that CmNo1 exhibit potent and effi-

cacious renoprotective action against hyperglycemia-induced DN.

Introduction

Diabetic nephropathy (DN), a diabetes-related insidious renal outcome represents the leading

cause of end stage renal disease (ESRD) in adults affecting one-third population, thus causing

an escalated economic burden on affected individual’s health-care [1]. According to a Reutens

et al., the global prevalence of diabetes mellitus (DM) is estimated to increase from 6.4% (285
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million) in 2010 to 7.7% (439 million) in 2030 out of which more than 90% will suffer from

type 2 diabetes [2]. In a seminal report, approximately one third population of type 1 and type

2 diabetic patients have been documented to manifest the symptom of nephropathy in the

form of impaired renal growth and development [3]. Hence, based on the above reports, an

ever-increasing risk of nephropathy incidences in diabetic patients is estimated.

The DN is characterized by glomerular basement membrane (GBM) thickening, mesangial

and tubulointerstitial expansion or hypertrophy [3, 4], scarring of renal glomerulus, known as

glomerulosclerosis [5]. Mounting evidence indicates that under chronic hyperglycemic condi-

tion, the accumulated advanced glycation end products (AGEs) which are consequence of

non-enzymatic reactions between sugar and free amino group of proteins, lipids and nucleic

acids, promotes the generation of reactive oxygen species (ROS) leading to oxidative stress [6–

9]. AGEs also stimulates the release of pro-sclerotic cytokines like transforming growth factor

β1 (TGF-β1) [10], thereby participating in pathogenesis of renal injury, in particular, fibrosis

[11].

Nowadays, the identification and development of the novel therapeutic alternatives to pre-

vent the rapidly rising natural course of diabetic nephropathy are still underway. Of note,

many antidiabetic drugs have failed to prevent treatment of DN [12] and may result in kidney

failure as well [13]. In the recent years, concerted efforts have been made to explore the valu-

able biofactory of traditional Chinese herbal medicines as therapeutic alternatives owing to

their lower side effects [14]. Interestingly, in addition to herbal medication, toxic renal out-

come have also been reported [15]. However, Cordyceps militaris (CM), a cordyceps species

accommodating various bioactive components is gaining much attention as it possess hypogly-

cemic [16], immunomodulating [17], antioxidant, antibacterial, antifungal and anti-tumor

properties [18]. The majority of therapeutic properties of CM has been attributed to both, the

fruiting bodies and mycelia [14, 19]. Furthermore, the fruiting body extract have been reported

to possess greatest hypoglycemic activity than other strains and components but owing to host

specificity and rarity in nature the fruiting bodies are much expensive [20, 21]. In our previous

study, antidiabetic activity of CmNo1 has already been demonstrated [22]. So, in this report,

we aimed to investigate whether CmNo1 also possess renoprotective effect.

To our knowledge, we herein provide the first experimental evidence on renoprotective

activity of CmNo1, a novel combination of fruiting body and mycelia of CM, in high-fat diet

and streptozotocin (STZ)–nicotinamide (NA)-induced type 2 diabetic mice. Specifically, the

renal survival activities of CmNo1 on diabetic nephropathy were examined through histopath-

ologic observations and renal function associated indexes including SCr and kidney weight to

body weight ratio (KW/BW). The level of AGE and TGF-β1 were determined to corroborate

oxidative stress and fibrotic activity respectively. Additionally, the other risk factors participat-

ing in progression of DN, for instance, triglyceride, and cholesterol levels were also evaluated.

Materials and Methods

Preparation of Cordyceps militaris No.1 (CmNo1) Extract

The commercially pulverized crude powders of the combined fruiting body and mycelium of

Cordyceps militaris (CM), denoted as CmNo1 used in this study was provided by Liwanli Inno-

vation Co., Ltd. (Taipei, Taiwan). CmNo1 contained 179.0 mg/g polysaccharides, 33.66 mg/g

cordycepic acid, 0.91 mg/g adenosine, and 9.49 mg/g cordycepin. To determine the quantities

of adenosine and codycepin present in CmNo1, the high-performance liquid chromatography

(HPLC) DAD (Hitachi Co., Japan) analysis was performed while polysaccharide and cordyce-

pic acid was quantified by UV-VIS spectroscopy. Thereafter, a suspension of CmNo1 was
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prepared with 2% carboxymethylcellulose (CMC; C4888, Sigma-Aldrich, USA) solution in

water and administered orally to mice by stomach gavage at a dose of 360 mg/kg/day for 8

week.

Animal Preparation and Experiment Design

C57BL/6J mice were purchased from National Laboratory Animal Center, Taipei, Taiwan and

were maintained at Laboratory Animal Center, Taipei Medical University (TMU). All the ani-

mal care and use protocols were in accordance with guidelines of TMU Institutional Animal

Care and Use Committee (IACUC) and prior approval was obtained by IACUC to conduct

this study (approval no. LAC-2016-0011). After 1 week of acclimatization, the mice on high-

fat diet (HFD), (58Y1, DIO Rodent Purified Diet, TestDiet) with 61.6% fat (3.140 Kcal) were

daily injected intraperitoneally with 180 mg/kg nicotinamide (NA; N3376, Sigma-Aldrich,

USA) 15 minutes prior to an intraperitoneal injection of 60 mg/kg streptozotocin (STZ; S0130,

Sigma-Aldrich, USA) freshly dissolved in citrate buffer (pH 4.5) to induce substantial hyper-

glycemia for 4 weeks. Fasting blood glucose (FBG) values were checked weekly to confirm

induction of diabetes in which blood samples were collected from tail-vein of normal control

(NC) and STZ-NA administrated mice on HFD and was measured by glucose oxidase strips

(Easytouch; Taiwan). The mice with blood glucose level exceeding 250 mg/dl were considered

diabetic [23] and divided into two groups. One was used as diabetic nephropathy (DN) group

(n = 6) while other group (n = 6) was treated with CmNo1, denoted as CmNo1-DN, at a dose

of 360 mg/kg body weight/day via oral gavage. NC group were fed with normal chow (LabDiet

5010, 5.5% fat).

Oral Glucose Tolerance Test (OGTT)

The OGTT was performed on weekly basis in the NC, DN, and CmNo1-DN mice during 8

consecutive weeks CmNo1 treatment using a standard method [24]. Mice were fasted over-

night followed by oral administration of 30% solution (3g/kg) of D-glucose. Blood samples

were collected from each group at 0, 30, 60, 90, 120 and 180 minutes relative to the start of the

oral glucose administration for measuring blood glucose levels. The area under the glucose tol-

erance curve (Δ AUCglucose) was calculated using the trapezoidal rule to determine the inte-

grated glucose response to the glucose load.

Intraperitoneal Insulin Tolerance Test (IPITT)

Using blood samples obtained from tail veins of mice, glucose level was measured. Insulin

(Humulin1, USA) was then injected intraperitoneally (0.75 IU/kg body weight) and blood

glucose was measured again at intervals of 30, 60, 90, 120 and 180 min.

Assessment of Kidney Dysfunction Markers: Serum Creatinine (SCr)

and Kidney Hypertrophy Index

Following 8 weeks of CmNo1 treatment, whole blood was collected via retro-orbital sinus of

each mouse into heparinized microhematocrit tubes (“Assistant”-Micro-Hematocrit-tubes

563, lot no. 1311444) and left undisturbed for 30 min at room temperature. The clot was

removed through centrifugation at 1500 rpm for 15 min at room temperature. The serum was

transferred into polypropylene tube and stored at -80˚C. In order to assess the diabetic

nephropathy, SCr levels were analyzed using Creatinine (serum) Colorimetric Assay Kit

(700460, Cayman Chemical). The indices were examined spectrophotometrically. Further, the
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kidney hypertrophy index, another renal dysfunction marker was measured by kidney weight

to body weight ratio [KW/BW (%)].

Renal Histopathological Analysis

At the end of experiment, all the mice were anesthetized with an intravenous injection of tileta-

mine/zolazepam (Zoletil 30 mg/kg; Virbac, France) and xylazine (Rompun 10 mg/kg; Bayer

HealthCare, Germany) and subjected to necropsy. Every possible effort was made to minimize

animal suffering and lessen the number of animal use. Renal tissues were fixed in 10% formalin

solution and embedded in paraffin for histopathological examination. The paraffin blocks

were cut at 5 μm and later deparaffinized in xylene and rehydrated through graded alcohols.

Thereafter, kidney slices of NC, DN and CmNo1-DN group were stained with hematoxylin &

eosin (H&E) to examine cellular architecture, periodic acid schiff (PAS) for glycogen accumu-

lation and masson’s trichrome (MT) to demonstrate the deposition of collagen in extracellular

matrix (ECM). The tissue sections were then analyzed through light microscope. Image analy-

sis of histologic sections were done using Digimizer and Image J softwares.

Determination of Advanced Glycation End Products (AGEs) and

Transforming Growth Factor-β1 (TGF-β1) in Renal Tissues

The renal levels of AGEs was determined by immunohistochemistry (IHC) assay, using mono-

clonal antibody reacting with N (epsilon)-(Carboxymethyl) lysine (CML) (1:500; Abcam

125145), a major AGE. Specifically, detection of signals in the paraffin-embedded tissues of

mice kidney was performed with Vectastain ABC kit (Vector Laboratories) according to the

manufacturer’s instructions as described. Renal tissue slices were used to perform immunohis-

tochemical staining for TGF-β1 using rabbit polyclonal anti-TGF-β1 (1:500; GeneTex, Irvine,

CA, USA).

Western Blot Analysis

Following 8 week CmNo1 treatment, C57BL/6J mice from each group were sacrificed. For

protein extraction, renal tissues were isolated and suspended in 100 μl 1X RIPA lysis buffer

(Cat. No. 20–188, Millipore, USA), protease inhibitor cocktail set III, EDTA-Free (Cat. No.

539134, Millipore, USA), phosphatase inhibitor (Na3VO4), and sonicated. After 20 minutes

incubation on ice, samples were centrifuged at 12000 rpm for 40 minutes at 4˚C and superna-

tant was collected for quantification. The protein samples were resolved on 10% SDS-PAGE

gel and transferred to a PVDF (Polyvinylidene Fluoride, Amersham Hybond-P, GE healthcare,

UK) membrane. After blocking, membranes were incubated for 1 h at room temperature in

PBST buffer with the TGF-β1 (1:500; GeneTex, Irvine, CA, USA) antibody. This was followed

by 4 times wash for 10 minutes each at room temperature. Horseradish peroxidase-conjugated

anti-rabbit IgG secondary antibody (1:10000; Jackson ImmunoResearch, West Grove, PA,

USA) was diluted in PBST (PBS with 0.05% Tween-20, pH 7.0) and incubated with blots for 1

h at room temperature. Immunoreactivity expressions of TGF-β1 was measured by developing

blots using ECL plus-kit (Amersham Pharmacia, USA). Blots were visualized by UVP BioSpec-

trum1 imaging system while their densities were analyzed with VisionWorks LS software.

Measurement of Metabolic Disturbances through Blood Biochemical

Indices

Blood samples were collected via the retro-orbital sinus of mice before and after CmNo1 treat-

ment. Samples were centrifuged and serum was collected from each of them. Serum levels of
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and triglyceride, high-density lipoprotein (HDL) and total cholesterol levels were measured by

chemistry analyzer (FUJI DRI-CHEM 4000i). The low-density lipoprotein (LDL) was esti-

mated by using Friedewald formula [LDL = (total cholesterol)-(HDL)-(triglyceride)/5] [25].

Statistical Analysis

Data are represented as mean ± SD of for each group (NC, n = 5, DN, n = 6; CmNo1-DN,

n = 6). The differences between 3 groups (NC, DN, CmNo1-DN) were estimated with two-

way ANOVA (GraphPad Prism 6.0) and student’s t-test (SigmaPlot Version 10.0). Symbols

specify significant difference from DN with �, �� and ��� indicate p< 0.05, p< 0.01 and

p< 0.001, respectively.

Results

Effect of CmNo1 on Glucose Level in Type 2 Diabetes Mellitus

DN mouse model was established by administration of STZ/NA and high-fat-diet in NC mice.

The diabetic status such as FBG levels were markedly raised to an average of 272.7±9.35 mg/dL

in DN group (n = 12) compared to NC with a normoglycemic value of 127.4±3.53 mg/dL

(n = 5) (Fig 1A). To evaluate the improvement in glucose tolerance ability, oral glucose toler-

ance test was performed. In 30 minutes after glucose administration, blood glucose reached

the highest levels in all the groups and subsequently began to diminish; however, in 180 min,

the CmNo1-DN group strongly recovered glucose tolerance compared to NC (Fig 1B). The

result could be evidenced by AUC in which the CmNo1-DN group was significantly lower

than DN (Fig 1C). We next accessed the peripheral insulin sensitivity through an intraperito-

neal insulin tolerance test in which CmNo1-DN group showed a significant decrease in blood

glucose level (Fig 1D), indicating that the treatment of CmNo1 could enhance glucose utiliza-

tion and insulin sensitivity in DN mice.

Effect of CmNo1 on Renal Function

Serum creatinine (SCr) is measured as standard indicator of renal function. In our study, DN

group demonstrated a dramatically elevated SCr (7.63±1.01 mg/dL) compared to NC (SCr:

4.54±0.17 mg/dL), which indicated renal dysfunction. However, the administration of CmNo1

remarkably reduced SCr level 5.03±0.103 mg/dL (Fig 2A).

The Weight Ratio of Kidney to Body

The kidney weight to body weight ratio (KW/BW), an important parameter for renal hypertro-

phy and dysfunction, was measured. We found a noticeable increase in KW/BW ratio of DN

group compared to NC (Fig 2B). However, this increase was markedly attenuated to normal

range following 8 weeks of CmNo1 intervention.

Effects of CmNo1 on Hyperglycemia-Induced Renal Ultrastructure

To examine hyperglycemia-induced kidney injury, renal morphology was analyzed under

light microscopy using hematoxylin and eosin (H&E) staining of renal tissue slices. The histo-

logical examination of H&E stained DN group (Fig 3A–3C) demonstrated swollen glomeruli,

narrowed Bowman’s capsule, diffuse thickening of parietal layer of glomerular basement mem-

brane with irregular distortions (red arrow), expanded mesangial regions (blue arrow) and

indistinct peritubular capillaries (green arrow). In agreement with kidney dysfunction markers

analysis, treatment with CmNo1 efficaciously re-established the normal morphology of

glomeruli.
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Impact of CmNo1 on Renal Glycogen Accumulation

Membrane infolding, atrophy and apoptosis of renal tubules has been attributed to glycogen

accumulation. The PAS staining (Fig 3D–3F) showed glomerulosclerosis in DN group due to

intense glycogen deposition in mesangial regions, GBM and peritubular areas (brown arrow)

which was also ameliorated in CmNo1-treated DN mice.

Impact of CmNo1 on Renal Advanced Glycation End Product (AGE)

With immunohistochemical staining method, we further investigated whether the hyperglyce-

mia-induced AGE were increased in kidney. As revealed through immunochemical staining

Fig 1. Effect of CmNo1 on glucose and insulin tolerance. (A) Fasting blood glucose (B) Assessment of glucose tolerance by oral glucose tolerance

test (OGTT) from 0–180 min post-glucose loading during 8-week CmNo1 treatment (C) Total area under curves (AUC) for OGTT (D) Blood glucose

values during intra-peritoneal insulin tolerance test over a period of 0–180 min during 8-week CmNo1 treatment. Data are expressed as mean ±SEM

(NC, n = 5; DN, n = 6; CmNo1-DN, n = 6). Symbols specify significant difference from DN with ** and *** indicate p< 0.01 and p < 0.001, respectively.

The solid circle and open inverted triangle denotes NC and DN respectively while solid square indicate CmNo1-DN mice. NC: Normal control; DN:

Diabetic nephropathy; CmNo1-DN: Diabetic nephropathy group mice treated with Cordyceps militaris No1.

doi:10.1371/journal.pone.0166342.g001
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(Fig 4A–4C), intense brown-color represented N�-carboxymethyl lysine (CML), the AGE in

glomeruli, GBM and tubular regions (black arrow) of DN group mice. Importantly, the CML

staining was significantly minimized in kidneys of CmNo1-treated DN group indicating

reduced accumulation of renal AGEs; while NC sections revealed no staining.

Influence of CmNo1 on TGF-β1 Expression in Kidney Tissue

The TGF-β1 participates in renal fibrosis, mesangial hypertrophy and accumulation of ECM.

The results demonstrated a heavy deposition of TGF-β1 (brown color) in GBM and tubular

compartments in DN group (Fig 5A, DN panel) which was reduced after CmNo1

Fig 2. Efficacy of CmNo1 on kidney dysfunction markers. (A) Serum creatinine (B) Weight ratio of kidney to body (KW/BW). Data are expressed as mean

±SEM (NC, n = 5; DN, n = 6; CmNo1-DN, n = 6). Symbols specify significant difference from DN with * and *** indicate p< 0.05 and p < 0.001, respectively.

NC: Normal control; DN: Diabetic nephropathy; CmNo1-DN: Diabetic nephropathy group mice treated with Cordyceps militaris No1.

doi:10.1371/journal.pone.0166342.g002

Fig 3. Effect of CmNo1 on ultrastructural alterations and glycogen accumulation. Representative microphotographs of kidney sections of NC, DN

and CmNo1-DN group mice subjected to histologic H&E (A-C, ×1000) and PAS (D-F, ×1000) stain. NC: Normal control; DN: Diabetic nephropathy;

CmNo1-DN: Diabetic nephropathy group mice treated with Cordyceps militaris No1; H&E, Hematoxylin and Eosin; PAS, Periodic Acid–Schiff.

doi:10.1371/journal.pone.0166342.g003
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administration. In agreement with immunohistochemical results, the immunoblotting of

TGF-β1 revealed higher expression in the kidney tissues of DN group than the NC, which was

effectively diminished by CmNo1 administration (Fig 5B, CmNo1-DN panel). The relative

expression of TGF-β1 protein and quantification have also been shown in Fig 5B.

Effects of CmNo1 on Induced Renal Collagenous Deposition

In order to confirm glomerulosclerosis, kidney sections stained with MT (Fig 6A–6C) demon-

strated elevated deposition of type IV collagen (gray to blue color) in the glomeruli, predomi-

nantly in mesangial regions (black arrow) as well as in tubular areas of DN group compared to

NC, which was significantly alleviated in CmNo1-administered DN mice.

Effect of CmNo1 on Serum Indices

Serum insulin, triglyceride, and cholesterol levels have also been reported to be other charac-

teristic features of renal impairments in hyperglycemic conditions [26, 27]. Our results showed

the triglyceride, high-density lipoprotein (HDL), low-density lipoprotein (LDL) and total cho-

lesterol levels in the DN group were found to be 205.25±8.86 mg/dL, 123.60±6.81 mg/dL, 3.16

±5.67 mg/dL and 184.5±6.51 mg/dL respectively, which were significantly higher than those of

their respective NC group (triglyceride: 154.33±14.06 mg/dL; HDL: 77.83±3.07 mg/dL, LDL:

-16.86±1.58 mg/dL and total cholesterol: 86.83±1.90 mg/dL). Following CmNo1 administra-

tion, a considerable reduction in levels of triglyceride, LDL, total cholesterol but elevation in

HDL were found (triglyceride: 187.66±21.76 mg/dL; HDL: 153.75±13.28 mg/dL, LDL: -0.6

±6.086 mg/dL and total cholesterol: 154.66±3.48 mg/dL) (Fig 7A, 7B, 7C & 7D).

Discussion

Kidneys play a role in removal of toxic products from the body and maintain fluid, minerals

and electrolyte balance at physiological level. But an elevated blood glucose level could be a

prognostic factor for damage to the various segments of the nephron causing chronic kidney

disorders [28]. Other prior studies also strongly support that hyperglycemia poses higher risk

of nephropathy [29, 30]. However, various antidiabetic drugs and herbal administration have

proven inefficacy in preventing DN and leads to further complications [12, 15]. Hence, the

current study extended to elucidate renoprotective activity of antidiabetic CmNo1 (already

described in previous report) [22]. The mouse model exhibited metabolic abnormalities

(hypoinsulinemia, hypertriglyceridemia, and hypercholesterolemia) and renal lesions resem-

bling DN in humans [31]. Since this model imitated pathophysiology of DN in humans; we

hypothesized whether CmNo1 could exert renoprotective effect.

Fig 4. Efficacy of CmNo1 on carboxymethyl lysine (CML), an advanced glycation end product (AGE). immunohistochemial staining of CML of

kidney sections of NC, DN and CmNo1-DN group (A-C, ×1000).

doi:10.1371/journal.pone.0166342.g004
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The major pharmacological agent in CmNo1 preparations was determined with high con-

tent of polysaccharide (191.79 mg/g). In a very important study, the polysaccharide fraction of

CM has also been reported to exhibit higher hypoglycemic activity than O. sinensis and other

species [16]. In another study, anti-fibrotic action have also been attributed to polysaccharides

[32]. In a report by Zhang et al., polysaccharide reduced the activation of the transcription

Fig 5. Immunohistochemical staining of TGF-β1 protein in mouse kidney. (A) TGF-β1 immunostaining in NC, DN and CmNo1-DN group mice while

(B) Western blot profile of TGF-β1 protein expression and quantification. Symbols specify significant difference from DN with * indicate p < 0.05. NC:

Normal control; DN: Diabetic nephropathy; CmNo1-DN: Diabetic nephropathy group mice treated with Cordyceps militaris No1.

doi:10.1371/journal.pone.0166342.g005
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Fig 6. Effect of CmNo1 on collagenous deposition. Representative microphotographs of kidney sections of NC, DN and CmNo1-DN group mice

subjected to MT (A-C, ×1000) stain. NC: Normal control; DN: Diabetic nephropathy; CmNo1-DN: Diabetic nephropathy group mice treated with

Cordyceps militaris No1; MT, Masson trichrome.

doi:10.1371/journal.pone.0166342.g006

Fig 7. Effect of CmNo1 on metabolic disturbances after 8 week treatment. (A) Triglyceride (B) HDL (C) LDL (D) Total cholesterol. NC: Normal

control; DN: Diabetic nephropathy; CmNo1-DN: Diabetic nephropathy group mice treated with Cordyceps militaris No1. HDL: High-density lipoprotein;

LDL: low-density lipoprotein.

doi:10.1371/journal.pone.0166342.g007
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factor, nuclear factor-κB (NF-κB), which is attributed to be a key step in the pathogenesis of

DN [33]. Hence, it indicates the polysaccharide fraction present in the CmNo1 exerted hypo-

glycemic effect possibly via the activation of a key regulator of insulin action through peroxi-

some proliferator-activated receptor gamma (PPAR-γ) [34] and NF-κB. The additional

chemical components such as cordycepin (3’-deoxyadenosine) and adenosine were also pres-

ent at higher levels which were 9.49 mg/g and 0.6 mg/g respectively. Besides, other reports

have demonstrated cordycepin induced anti-fungal [35], anti-malarial [36] and hypoglycemic

activities [37]. In a seminal study, cordycepin (7.24 mg/g) have been demonstrated to exert

immunomodulatory and tumor delaying effect [38]. Another active constituent, cordycepic

acid have shown prophylactic action against postoperative acute renal failure, cough and

asthma, and anti-free radical activities [39]. Besides, the adenosine present in cordyceps have

been documented to inhibit reactive oxygen species (ROS) thereby reducing oxidative stress

[40]. Based on these previous reports on therapeutic activities of the bioactive constituents

contained in CmNo1, we conclude that CmNo1 exerts beneficial effect for the treatment of

diabetic nephropathy. In our study, administration of CmNo1 for consecutive 8 weeks signifi-

cantly inhibited the elevated blood glucose (Fig 1B, 1C and 1D). Owing to economical and lit-

tle inconvenience, SCr, a most widely used and reliable clinical marker of compromised renal

function [41, 42] was also reduced (Fig 2A).

During progression of diabetes, escalated kidney weight to body weight (KW/BW) is

another harbinger of renal hypertrophy [43] showing kidney injury and renal insufficiency.

Our result demonstrated that compared to NC, KW/BW ratio in DN group was significantly

increased which was ameliorated in CmNo1-treated DN group suggesting substantial anti-

hypertrophic effect (Fig 2B).

Besides, in DN, abnormalities in glomerular and tubular structures are among the most

striking and consistently identified alterations. Our findings of light microscopy demonstrated

that compared to normal kidney structure of NC group, DN group kidneys (Fig 3B) clearly

demonstrated extreme mesangial expansion, segmental glomerulosclerosis and diffuse thicken-

ing of GBM, leading to facilitate the downward spiral of pathological symptoms. Additionally,

renal tubular membrane infolding, atrophy and their apoptosis renal tubules has been attributed

to glycogen accumulation [44]. However, supplementation with CmNo1 for 8 weeks signifi-

cantly recovered altered morphology (Fig 3C) and further reduced accumulated glycogen in

kidneys of DN group (Fig 3F) which indicated rescuing effect on renal structure and function.

Moreover, elevated synthesis of advanced glycation end products (AGEs) in hyperglycemic

environment have been reported to cause irreversible damage to kidney tissues through over-

production of reactive oxygen species (ROS) via oxidative stress [6, 45]. Further, it has been

noted that the carboxymethyl lysine (CML), one of the AGE structures generated under oxida-

tive condition is frequently measured in processed foods and living bodies as a marker of gly-

cation and oxidation [46, 47]. Specifically, CML is generated by the oxidative cleavage of

Amadori products by hydroxyl radicals [48] and peroxynitrite [49] which suggests that CML is

an indispensable biological marker of oxidative stress in vivo. In kidney sections of DN group,

we detected an intense accumulation of carboxymethyl lysine (CML) as a glycated product

(Fig 4B) which was significantly attenuated in CmNo1-treated DN group (Fig 4C). This result

signals anti-oxidative activity through CmNo1-mediated renoprotection which is in agree-

ment with a previous study demonstrating efficacy of cordycepin exhibiting anti-oxidation

[50]. This is also supported by a previous study describing the role of polysaccharide in scav-

enging free-radicals produced during oxidative stress [51].

A host of mediators like hyperglycemia, glycated proteins, growth factors and cytokines

have been reported to participate in cascade of pathologic events ending in DN [52]. Of these,

patients with type 2 diabetes have been reported with higher expression of TGF-β1, a key

Cordyceps militaris Preserves Renal Function in Diabetic Mice

PLOS ONE | DOI:10.1371/journal.pone.0166342 November 10, 2016 11 / 16



profibrotic cytokine which accelerates the progression of renal fibrosis [53], glomerular

mesangial hypertrophy [54], excessive amassing of extracellular matrix (ECM) [55]. Of note,

in DN, TGF-β1 has been reported to induce abnormal collagenous deposition in extracellular

matrix, a marker of glomerular sclerosis and interstitial fibrosis resulting into lessened surface

area for glomerular filtration [56, 57]. Our immunochemical study and western blot analysis

showed that CmNo1 greatly reduced TGF-β1 (Fig 5) and concomitant collagenous deposits

(Fig 6C) in renal tissues. Since the role of collagenous deposition in GBM, glomerular mesan-

gium and tubular interstitium indicating a biomarker of fibrotic activity has already been

reported [58, 59], our results demonstrated ameliorated accumulation of mesangial matrix

and collagen deposition which signified improved and quite normal appearance.

Besides, several experimental evidence have shown that hyperlipidemia is an independent

risk factor for the progression of DN [60]. Enhanced triglycerides, serum LDL, total choles-

terol, and reduced HDL have also been described as characteristic alterations in diabetic

patients posing a major risk factor for cardiovascular events [26, 61–63]. Our results demon-

strated that CmNo1 significantly attenuated triglycerides, LDL and TC while escalated the

HDL levels in DN mice suggesting their anti-atherosclerotic action (Fig 7) [50]. Taken

together, the result suggested an accelerated preventive and curative effects of CmNo1 against

DN symptoms. However, our study has few limitations. Despite CmNo1 exhibited remedial

and preventive intervention, further studies are needed to investigate the therapeutic efficacy

of each component of CmNo1 to provide a deeper insight into their activity. Furthermore,

though TGF-β1 was detected through IHC and western blotting, their urinary and serum con-

centration was not determined. In conclusion, CmNo1 possess a strong potential for treatment

of type 2 diabetic nephropathy.
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