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INTRODUCTION

Throughout the course of history, the availability of “safe foods” for consumption was
limited due to lack of compounds proven to extend shelf life. Spoilage was a prominent universal
issue, with bacterial and microorganism activity rendering food unsafe for consumption (Centers
for Disease Control [CDC], 1999 /48(40);905-913). During storage microbial agents quickly
inhabit food. Conditions which make inhabitation more favorable for bacteria and other
microorganisms include warm temperatures, moisture, and open air environments (Odeyemi et
al. 2020). Due to the quick nature of microorganism reproduction, food spoilage becomes
unavoidable after a short period of time. Consequently, the addition of both natural and synthetic
chemical compounds in food became more prominent in the mid-twentieth century (Jackson
2009), to extend product shelf life significantly and resist quick spoilage.

Sodium benzoate (SB) became an attractive compound to serve as a food preservative
due to its tasteless properties, excellent solubility, and ability to inhibit bacterial and fungal
growth in storage conditions (Davidson et al. 2005). The mechanism by which this occurs begins
upon benzoic acid absorption into the cells of microorganisms which, at pH of 5 or less, inhibits
anaerobic fermentation of glucose. This decreases the available stores of nutrients, thus
inhibiting the growth and survival of microorganisms responsible for food spoilage (Pongsavee
2015). The natural form, benzoic acid, consists of a benzene ring with a carboxyl group
substituent (Sim et al. 1955), and it is found in numerous spices (such as cinnamon) and plants
(most commonly among berries such as blueberries and cranberries). However, reacting benzoic
acid with sodium hydroxide yields the synthetic form incorporated into foods, beverages, and
everyday products to increase shelf life. Inclusion of SB into products is intended to limit

bacterial growth and food spoilage, which is optimized in foods with acidic pH values and



carbonated products. More specifically, fruit juices, fermented compounds (beer, yogurts, canned
vegetables), and processed foods are common products which utilize sodium benzoate
(Shahmohammadi et al. 2016). However, in recent decades there is an increasing exposure to SB
stemming from consumption of carbonated drinks such as soda and fruit juices, as well as sauces
and condiments (Tfouni & Toldeo 2002). Studies conducted following daily diets in the United
States found that daily consumption of ultra-processed foods high in preservatives grew from
53.5 percent to 57 percent of daily calories between 2001 to 2018 (Juul et al. 2022). Exposure to
SB has also increased through other routes--as SB is included in moisturizers, hand soap,
shampoo, and more (lkarashi et al. 2010). Therefore, the increase in exposure to SB is the result
not only from shifts in daily diets, but also from its inclusion into a wide variety of other daily
products.

Metabolism of SB occurs in mitochondria through a two-step mechanism (Badenhorst et
al. 2014). In the mitochondrion, it is quickly converted to benzyl-CoA in the mitochondrial
matrix through consumption of ATP and glycine. The next step requires the enzyme glycine-N-
transferase, which mediates the transformation of benzoyl-CoA to hippurate. Therefore,
increasing consumption of foods including sodium benzoate is closely linked to increases in
levels of serum benzoate and hippurate (Kubota 1991). Benzoate absorbed by the gastrointestinal
tract is metabolized in the liver to hippurate, which is then excreted from the body in urine
produced by the kidneys (Chen et al. 2009).

In the late twentieth century, the use of SB as a food preservative was evaluated by the
Food and Drug Administration (FDA) (Code of Federal Regulations, Title 21). Initial FDA
regulations in 1977 on manufacturing companies would permit use of SB as a food preservative

at maximum limits of 0.1% by weight or volume. Under this limit, the FDA further granted SB



generally regarded as safe (GRAS) status. Further evaluation of the compound by the Joint Food
and Agriculture Organization of the United Nations and the World Health Organization (WHO)
Expert Committee on Food Additives in 1996 recommended a daily limit of consumption at
doses 0-5 mg/kg of body weight, and this was increased to 0-20 mg/kg of body weight in 2021
(JECFA 1996 and 2021).

While a number of studies in animals have reported effects of SB in kidneys, the gap in
knowledge is determining SB effect on kidneys in the setting of obesity. This is important due to
the prevalence of obesity and metabolic disorders and their known impact on kidney disease. The
goal of the current study was to determine the effects of SB on kidneys of both male and female
mice in combination with consumption of a high fat diet, as an established model of obesity,
metabolic syndrome and chronic kidney disease. Reports suggest altered kidney function and
increased oxidative stress in kidneys of mice treated with SB. However, the effects of dietary SB

exposure on specific renal structures are unclear. Therefore, this study addressed the hypothesis

that SB with a high fat diet will increase extracellular matrix production and alter anti-oxidative
regulators and enzymes in kidneys of female and male mice.
LITERATURE REVIEW

In addition to its use as a preservative, SB is also used for therapeutic purposes in
managing symptoms of anxiety, depression, and other neurodevelopmental disorders, as well as
for treatment of encephalopathy. From a clinical stance, specific and regulated dosages of SB
have been correlated with an anti-inflammatory response promoting the management of a diverse
selection of psychiatric disorders. Acting as a D-amino acid oxidase DAAO inhibitor, SB
regulates the stimulation of NMDA receptors, crucial components of the brain's communication

system, and control of neurotransmission. Downregulation of these specific receptors contribute



to onset of schizophrenia (MacKay et al. 2019), while increased stimulation has been linked with
the progression of Alzheimer’s disease (AD) and dementia. In a study with SB for treatment of
chronic schizophrenia, patients were followed over a twelve-week period, administering 1000
mg/day SB (equivalent to around 15mg/kg/day based on average patient weight around 68kg) in
combination with active therapy treatment. Following completion of the trial, those in
combination therapy were shown to have significantly decreased scores on the Positive and
Negative Syndrome Scale (PANSS) by 20% —as determined by an increase in cognitive
processing speed, pattern recognition, and overall improvement of neurocognition, compared to
control groups with placebo pills in combination with therapy showing only a 4-10% reduction
in PANSS scores (Lane et al. 2013). In animal models, single dose oral treatments with SB (100,
300, or 1000 mg/kg b.w.) reduced impulsive deficits and hyperlocomotion (Matsuura et al.
2015). Another study examined effects of SB for treatment of AD, in which patients with mild
cognitive impairments secondary to AD were administered 250-750 mg/day of SB (equivalent to
3.5-11mg/kg/day, considering average body eight of 70kg) over a 24-week period, to observe
changes in cognitive skills. Results showed improvement of both memory retention and verbal
learning skills —likely due to SB’s ability to regulate NMDA receptors in the CNS (Lin et al.
2014).

Another therapeutic use with SB is treatment of hepatic encephalopathy (HE),
characterized by a decline in cognitive function, compromised neuromuscular activity, altered
consciousness, sleep disorders, and overall mood shifts (Misel et al. 2013). Largely due to
elevated blood ammonia levels, HE onset leads to several direct and indirect symptoms. The
increased levels of ammonia in the blood are the result of multiple complications, with decreased

elimination secondary to liver cirrhosis exacerbated by increased kidney production of ammonia



due to metabolic alkalosis being the two largest contributing factors. SB was implemented in HE
treatment since at least 1979 due to its ability to excrete ammonia through a urea cycle
independent pathway (Misel et al. 2013). To test this, one study administered 5 g oral SB twice
daily to 36 patients with liver cirrhosis or portosystemic anastomosis and HE for less than 7 days
duration. Following treatment for 11.6+6.4 days, 80% of patients (30 patients) receiving SB
recovered — determined based on normalization of blood ammonia levels in 94% (34 patients)
and improvement of general mental status in 79% (30 patients) (Sushma et al. 1992).

As SB became more prominent in use as a food preservative and in other products, so
have concerns for increasing and chronic exposure to SB (Piper et al. 2017). A concern with SB
is the potential for altered chemistry when in combination with other additives and chemicals. In
combination with ascorbic acid (vitamin C), another common additive, and metals, benzoate
salts can be converted to benzene, a known carcinogen. Benzene can be formed through
decarboxylation of benzoate by hydroxyl radicals generated through metal-catalyzed reduction of
02 and H20: by ascorbic acid, in a process driven by heat, conditions common during
food/product manufacturing processes and storage conditions (Gardner et al. 1993). Furthermore,
comparison of foods with and without addition of benzoates found benzene at levels ranging
from 1-38ng/g and <2ng/g, respectively. (McNeal et al. 1993). Other causes for concern with SB
include effects on tissues and cells. For example, SB increases release of histamine and
prostaglandins from gastric mucosa and these factors may play a role in modulation of allergic
reactions or other immune regulatory pathways (Schaubschldger et al. 1991). The metabolic
effects of SB exposure on regulation of blood glucose has also been examined, since studies have
shown benzoates and hippurate have negative effects on glucose and insulin homeostasis.

Metabolism of SB metabolism in the mitochondria can increase ATP and glycine utilization and



sequester coenzyme A, and thus lead to metabolic effects (de Vries et al. 1948). In addition,
hippurate increased in blood following exposure to SB, and hippurate leads to impaired glucose
uptake in cultured cells and utilization by muscle (Spustova & Dzurik 1991, Spustova et al.,
1987). In one study, sheep were injected intravenously with 39-1250 umol/kg benzoic acid. Both
insulin and glucagon secretion increased dose dependent manner (Mineo et al. 1995) with
benzoic acid, as well as with benzoic acid derivatives, indicating that benzoic acid and
derivatives (ie, SB) may shift glucose homeostasis away from equilibrium. However, Lennerz et
al (2015) compared the blood glucose levels of 14 overweight patients following a single oral
dose of 0.1% SB in a 75 g glucose solution, finding minimal nonsignificant elevation in
comparison to controls not receiving SB. While the administered dose in this trial fell within the
GRAS FDA recommended level, the effects of chronic exposure to SB on blood glucose
homeostasis in humans remains to be defined.

The effects of SB on body weight and multiple organ systems have been examined in
multiple animal studies. One study follows a 4-8 week exposure period for male rats to oral
sodium benzoate at doses of 2-5% concentrations. It was concluded that those with 2% SB
exposure showed no obvious adverse effects or significant weight changes; however rats exposed
to 5% SB were noted to have severe weight reductions (Informatics, Inc 1972). Additional
studies conducted in 1993 uphold these findings: both F344/N rats and B6C3F mice were
exposed to 1.8-3% SB doses for 10 consecutive days. Results showed both female and male rats
exposed to higher concentrations of SB had reduced body weight, increased liver and kidney
mass, and increased protein accumulation. Additional findings in mice showed significant

increases in female kidney mass and male liver mass (Fujitani et al. 1993). Through additional



studies assessing SB exposure at different concentrations, it was proven that lower doses of < 2%
showed the lowest risk to adverse effects when compared alongside increasing doses.

A number of studies in animals have reported effects of SB in kidneys. This is important
as the kidneys play an important role in excretion of hippurate, the product of SB metabolism.
The kidneys filter blood to remove wastes and excrete them from the body through urine and
thus are a vital component to maintaining homeostasis in the body, more specifically through the
role in osmoregulation —the balancing of fluid filtration and reabsorption and secretion of ions,
and regulation of blood pressure. Each kidney is subdivided into a cortex and medulla,
representing the outer layer and inner layer, respectively (Widmaier et al. 2023). The functional
unit of the kidney is the nephron, composed of a glomerular capillary bundle, which is the
filtering unit of the kidney and surrounded by a Bowman’s capsule, as well as a network of
tubules with specialized cell types with differing functions. Blood enters the glomerulus from the
afferent arteriole and the high hydrostatic pressure in the glomerulus allows blood to be filtered
through the fenestrated endothelial cells lining the glomerular capillary and the filtration barrier,
composed of the basement membrane and slit diaphragm formed by foot processes of specialized
epithelial cells (podocytes) that reside on the outer surface of the capillaries. Blood cells and
most blood proteins do not pass through the filtration barrier, and are retained within the
glomerular capillaries before exit through the glomerulus via the efferent arteriole for return to
general circulation. The filtrate, or filtered blood, moves from the Bowman’s space of the
glomerulus into a complex network of tubules. The first site encountered in this network is the
proximal convoluted tubule (PCT), where nearly 70% of minerals such as sodium, amino acids
and 100% of glucose in the filtrate will be reabsorbed for entry into the peritubular capillaries

and return to systemic circulation. (Horita et al. 2017). However, it is to be noted that secretion



also occurs in this site, with the nephron pulling waste products such as hydrogen ions,
potassium ions, and ammonia for excretion into urine. The apical (filtrate or urine side) and
basolateral (blood side) membranes of the PCT contains several different transporters specific for
ion passage, with some active transporters and others co-transporters that exchange ions being
reabsorbed from or secreted into the filtrate (eg, sodium/hydrogen exchanger & sodium/glucose
exchanger) (Horita et al. 2017). Filtrate from the PCT then enters the descending loop of Henle,
which extends deep into the medulla cortex, followed by the ascending loop of Henle in the
opposite direction. Due to selective permeabilities in each portion, these segments are
responsible for reabsorption of water and salts in a process named the countercurrent system
(Dantzler et al. 2013).

Next, the filtrate enters the distal convoluted tubule (DCT) where some secretion of waste
products still occurs (Castaneda-Bueno et al. 2022). Macula densa cells within the DCT are
highly involved in regulation of glomerular filtration rate (GFR) and regulation of blood pressure
in response to the hormone aldosterone, secreted when blood pressure decreases (Widmaier et al.
2023). The final structure filtrate enters prior to excretion is the collecting duct, where cells also
respond to antidiuretic hormone (ADH) for insertion of aquaporin-2 transporters (AQP2) into the
apical membrane of collecting duct cells (Ranieri et al. 2019), to increase reabsorption of water
across the membrane to return to the blood and restore homeostasis.

Kidney injury in response to drugs, diet, obesity, and metabolic disorders such as
diabetes, and other environmental or genetic factors will eventually lead to decreased kidney
function and progression to chronic kidney disease (CKD). Diagnosis of CKD requires a
minimum of three consecutive months of reduced kidney function, as defined by reduced GFR

(<60 mL/min), increased albumin excretion (>30 mg/day), abnormal urine sedimentation or



histological changes, or tubular alterations (Chen 2020). Recent trends following the incidence of
CKD from the United States Renal Data System (United States Renal Data System [USRDS]
2023) have shown CKD prevalence among populations under 65 years old has increased from
7.7 percent in 2007 to 9.0 percent in 2020 (USRDS 2023). Another interesting finding is the
correlation between obesity and CKD incidence. While the general population incidence of
obesity increased from 32.5 percent in 2005 to 40.7 in 2020, it was also found that the incidence
of obese individuals with CKD increased from 42.4 percent in 2005 to 50.2 percent in 2020
(United States Renal Data System [USRDS] 2023). Studies evaluating histological changes in
kidneys of obese individuals have found increased incidence of glomerular hypertrophy
(Kambham et al. 2001), increased proteinuria, tubular hypertrophy, interstitial inflammation, and
fibrosis resulting from increased production of extracellular matrix proteins (Decleves et al.
2014). Histological changes observed in cases of obesity may contribute to onset of CKD
through impairment of filtration and excretion of waste products. Alterations in the interstitium
and increased inflammation in the kidneys may further link changes in extracellular matrix
composition to daily diet choices.

Since the turn of the twenty-first century, there has remained an increase in the incidence
of obesity and obesity-related health conditions (Stierman et al. 2021). While some contributing
factors for obesity are genetically predispositioned, the roles of excess caloric consumption and
high fat diets have become of increasing concern. A well-balanced and nutrient-dense diet has
become an economic burden in some countries, such as the United States, where the prevalence
of obesity has increased from 30.5-41.9% from 1999-2020 (Stierman et al. 2021). With obesity
comes a strong predisposition for several kidney diseases, with diabetes mellitus (DM),

hypertension (HTN), and chronic kidney disease (CKD) among the most prevalent. Therefore,



the role of a high fat diet in relation to onset of kidney disease is of increasing interest to
understand.

A prior study assessed effects of high fat diet (HFD) consumption in male mice on
markers of inflammation and found that obese mice with a HFD exhibited an increase in the pro-
inflammatory markers interleukin (IL)-6 and tumor necrosis factor-a and a reduction in 1L-10,
(Sanchez-Navarro et al., 2021) an important anti-inflammatory protein. In addition, HFD led to
significant reduction in FOXO3 protein levels in contrast to healthy controls. FOX3 protein is a
critical part in the defense against oxidative stress associated with CKD, thus a reduction
correlates with increased inflammation observed in reports. Furthermore, obese mice had
glomerular hypertrophy, and while overall renal fibrosis was not elevated as measured by picro-
sirius red staining of extracellular collagen fibers for this duration of HFD consumption,
transforming growth factor beta mMRNA was significantly increased, indicating activation of pro-
fibrotic signaling pathways. Another study with male mice on HFD also reported an increase in
albumin excretion, glomerular size and glomerular mesangial matrix, as well as deposition of
type 1V collagen in kidneys, an extracellular matrix protein increased in CKD associated with
diabetes and kidney fibrosis (Deji et al., 2009). Additional studies conducted on both mice and
rats demonstrate that a HFD induces oxidative stress in the kidneys through accumulation of
ROS and inflammatory cytokines (Sun et al. 2020) (Ha et al. 2022). The effects of a combination
of HFD and SB on kidneys remains to be defined

Maintaining a balance of the extracellular matrix (ECM) is essential in preserving its
function. The ECM is composed of various glycoproteins, collagens, elastins, and proteoglycans
that contribute to formation of basement membranes and interstitial space for overall organ

stability (Bulow & Boor 2019). Specific components of the interstitial ECM include collagens



(types I, 11, 1V, V, VI, VII, and VIII) and glycoproteins (e.g., fibronectin, laminin), which can be
used as markers for assessing function and structural changes of the kidney. Therefore,
measuring ECM protein content over time may provide insight into kidney disease onset and
further progression of the condition. The ECM of healthy kidneys exist in a state of equilibrium,
actively undergoing remodeling through recycling and replacement of aged or damaged proteins.
However, disruptions in this balance may induce histological changes associated with fibrosis
and an onset of kidney disease. Renal fibrosis has a complex morphology, and it may manifest in
diverse outcomes and structural changes depending on other contributing factors. Nevertheless,
accumulation of ECM proteins remains a predominant biomarker of the progression of renal
fibrosis (Bulow & Boor 2019). Thus, the upregulation of collagen production and induction of
pro-inflammatory pathways are significant contributors to the onset of fibrosis. Furthermore,
elevated ECM protein deposition is a closely linked morphological change observed in cases of
chronic kidney disease (CKD), which may manifest into end-stage renal disease (ESRD) due to
impaired filtering secondary to fibrosis. Through use of picro-sirius red stains or
immunohistochemistry of specific proteins, the degree of fibrosis can be quantified as a measure
of risk for disease onset or further disease progression. Specific regulation of ECM components
in kidneys following exposure to SB remain to be examined.

Many studies on the effect of SB on kidneys have analyzed markers of oxidative stress-
related mechanisms. Reactive oxygen species (ROS) are important for normal cell biology. Cell
redox status is maintained by the balance between generation and detoxification of ROS.
Oxidative stress results from increased production and decreased degradation of ROS. Therefore,
intact functioning of cell anti-oxidative defense mechanisms are critical. There are multiple

species of ROS such as superoxide, hydroxyl radical, hydrogen peroxide, and peroxynitrite,



which can react with and alter function of cell proteins, carbohydrates, and phospholipids.
Increases in ROS can degrade components of the basement membrane (Thakur et al. 1988).
Therefore, it has been of increasing interest to study oxidative and inflammatory markers in
response to SB within the kidneys, which may provide an understanding of how kidney function
and structure may be altered following exposure. However, SB also exhibits properties as a
hydroxyl radical scavenger, protecting the cell from damage induced by free radicals and
oxidative stress. Several studies have explored this property of SB to potentially attenuate kidney
injury in animals in response to nephrotoxic agents. Thakur et al (1988) used Sprague-Dawley
rats injected with puromycin aminonucleoside (PAN) to induce nephrotic syndrome, a disorder
characterized by excess proteinuria. SB (150 mg/kg) was then injected intraperitoneally twice
daily for seven days. Although PAN increased proteinuria, this was significantly (p<0.05)
reduced in rats treated with SB, thus indicating that SB may have a therapeutic use in treatment
of proteinuria. Similarly, SB was shown to improve kidney function and histology in response to
gentamicin (Walker & Shah 1983), glycerol-induced (Shah and Walker 1988) kidney injury, and
reduced proteinuria in passive Heymann nephritis model of kidney injury (Shah 1988) in rats.
Alternatively, SB did not improve proteinuria in response to doxorubicin hydrochloride kidney
injury (Milner 1991).

Other studies evaluated the role of SB as a D-amino acid oxidases (DAAO) inhibitor,
which is responsible for the oxidation of D-serine with production of ammonia and hydrogen
peroxide byproducts. In kidneys, high doses of D-serine has been shown to induce necrosis of
the proximal renal tubules (Ganote et al. 1974). Necrosis describes damage to tubular cells
involved in secretion and reabsorption, causing decreased filtration of toxins and onset of kidney

disease if not reversed. In one study, rats were first administered a one-time dose of saline or of



SB (125, 250, 500, 750 mg/kg) intraperitoneally, and one hour later given either D-serine (dose
500 mg/kg) or deionized water. Histological analysis showed reduced severity of tubular
necrosis in rats pretreated with SB. D-serine treated rats showed increases in urine glucose and
protein, suggesting tubular damage compromising filtration, and SB decreased urine glucose and
protein levels (Williams and Lock 2005). While this may indicate SB holds a protective effect
against necrosis, this study tested only one-time doses of SB. In a separate study, the protective
effect of SB in response to 2,8-dihydroxyadenine crystal-induced model of chronic kidney
disease, was not dependent on DAAO inhibition, as DAAO-deficient mice treated with SB still
showed protection from kidney injury (Oshima et al. 2023).

Additional studies in animals more closely examined the solitary effects of SB on
kidneys. In one study, albino rats were administered 100 mg/kg SB in drinking water for 15
consecutive weeks. There was a significant increase in serum creatinine and urea in SB-treated
rats in comparison to controls (Zeghib & Boutlelis 2021). Creatinine is a byproduct of creatine
metabolism in the muscles and a widely utilized marker for glomerular filtration rate (GFR) and
thus overall kidney function. Because it is freely filtered and not reabsorbed (Traynor et al.
2006), increases in serum creatinine indicates decreased filtration at the glomerulus. Urea is the
byproduct of ammonia metabolism in the liver, and is another marker used in analyzing kidney
function. Although about 40-50% of urea is reabsorbed in the proximal tubule, increases in
serum urea beyond the normal level also indicate reduced glomerular filtration (Traynor et al.
2006). Thus, the increases in serum creatinine and urea observed in this study following 15-week
SB administration indicates significant kidney function impairment. Histological changes, while

reported, were not clearly shown and remain to be determined. Thus, while a single dose of SB



may act to protect against D-serine induced necrosis, long-term SB exposure appears to actually
induce tubular necrosis.

In another similar study, work conducted at Cairo University examined tubular epithelial
cells of 60 male albino rats following administration by oral gavage of 0.9 mg/kg b. wt. for 90
days. Histological changes observed in SB treated rats were significant for tubule and epithelial
cell degradation as well as leukocyte infiltration (Abd-Elhakim, Y. M. et al 2023). The
destruction of tubule and epithelial layers indicates SB may contribute to loss of structural
integrity of the kidney. Additional findings were significant for thickened basement membranes
and glomerular edema (Abd-Elhakim, Y. M. et al. 2023) further supporting prior evidence that
SB has a damaging effect on kidney structure. Furthermore, the antioxidative enzymes
superoxide dismutase and catalase, as well as an ROS detoxifier and anti-oxidative enzyme co-
factor, glutathione (GSH) were decreased, while MDA (malondialdehyde), a marker of lipid
peroxidation and thus oxidative stress, was increased in kidneys. A study by Yassein et al (2022)
in which male rats received SB 200mg/kg, orally, for only 6 weeks, also found decreased SOD
activity and increased MDA content in kidneys. In another study of male mice that were fed a
standard diet with either 0, 125, 250, or 500 mg/kg SB for 8 weeks, serum SOD activity
significantly increased with 125 and 250 mg/kg SB, but decreased at a dosage of 500 mg/kg
(Olofinnade et al. 2021). This suggests a SB diet promotes elevated oxidative stress, as indicated
by the increased response of SOD to neutralize free radicals; however, as dosage increases to 500

mg/kg b. wt. SOD levels decrease below control levels indicating impaired response to ROS.

METHODS AND PROCEDURES

Experimental mouse model



All mouse studies were conducted in accordance with approved IACUC protocols. Mice were
kept in clean housing with 12h light/dark cycle and unlimited access to food and water in an
Association for Assessment and Accreditation of Laboratory Animal Care-accredited facility.
Five week-old C57BIL/6J male (n=20) and female (n=20) mice were randomly assigned to either
a control diet (CD) or a high fat diet (HFD, 21% fat) for 6 weeks, then received sodium benzoate
(SB; 99mg/kg) or sterile water, by gavage, for 4 additional weeks. Therefore, there were 3
factors (diet, SB, sex) producing 8 experimental groups. The diets were composed by weight of
the following nutrients: Control diet (Teklad TD.08485, Inotiv; West Lafayette, IN), 17.3%
protein, 61.3% carbohydrate, and 5.2% fat; High fat diet (Teklad TD.88137, Inotiv), 17.3%
protein, 48.5% carbohydrate, and 21% fat. Body and kidney weight were measured on the date

of mouse euthanization.

Kidney Tissue preparations

Half of one kidney was fixed in formalin for 24h, then transferred to 70% ethanol for
processing and paraffin embedding. These samples were used for preparation of kidney sections
on slides and histologic staining and analysis. The remainder of the kidney material was divided,
snap frozen in liquid nitrogen and stored at -80°C. Frozen kidney pieces were homogenized for

protein extraction/western blotting (see below).

Picro-sirius red staining of kidney sections:
Picro-sirius red strain was used to determine the presence of collagen fibers in the
interstitium of the kidneys. Formalin-fixed paraffin-embedded kidney sections (4um) prepared

on glass slides were de-paraffinized in 3 changes of xylene (5min each) and rehydrated in graded



ethanols (100%, 95% , 70% ethanol; 5 min each), followed by water. Sections were incubated in
picro-Sirius red stain solution (Abcam; Waltham, MA) in a humidified chamber for 1h, followed
by quick rinses in 0.5% acetic acid. Sections were then dehydrated in 100% ethanol (2x, 30s),
cleared with in xylene (2x, 30s), and coverslips added using Vectamount mounting medium

(Vector Labs, Newark, CA).

Analysis of picro-sirius red staining:

Images of picro-sirius red-stained samples were captured with an Olympus BX51 light
microscope coupled to a Q-color 5 camera, Image-Pro 6.2 software (Media Cybernetics, Silver
Spring, MD) using a 20X objective. Around 20 photos of kidney cortex were captured from each
section using the same exposure time and color saturation settings. Seven to ten of the
images/section without tissue overlap were selected for blinded image analysis with Image-Pro
software and calibrated for 20X magnification. Specific sirius red staining representative of
extracellular collagen fibers were selected in a color profile. Non-specific staining, such as
nuclear or cell cytoplasmic staining, was excluded from selection. The sum of the area of
detected pixels was measured and the surface area of tissue included for picro-sirius red stain
selection manually outlined for measurement, since many images included areas devoid of tissue
or areas within tissue not suitable for analysis, such as folding of the tissue section. The ratio of
the sum of detected area to tissue surface area of each image was calculated, as previously

described (Merchant et al 2020).

Homogenization of kidneys for protein extraction:



Proteins were extracted from kidneys for utilization in western blotting procedures (see
below). Frozen pieces of whole kidney were homogenized on ice in 1.5ml micro-centrifuge tubes
in 250ul ice cold lysis buffer containing 10% glycerol, 50mM HEPES, 100mM KCL, 2mM
EDTA, 0.1% NP40, 10mM NaF, 0.25mM NaVO3, 1X HALTS protease inhibitor). Tissues were
disrupted by grinding and twisting with a pestle tool specific to the tube size, until no visible
tissue clumps remained, and left on ice for 10 minutes. Next, each sample was passed through a
21-gauge needle over ice 10 times to further disrupt extracts, and left on ice for 5 minutes.
Samples were then transferred to a bath sonicator for 2 minutes, then transferred back to ice bath
for an additional 5 minutes. Each sample was then run through a 200l pipette 10 times followed
by centrifugation for 30 minutes at 4 °C and 13,000 RCF. Cleared extracts were transferred to a
clean and stored at -80°C. To prepare for protein assay, cleared samples were diluted 1:20 in
lysis buffer and protein concentration in each assay measured using Bio-Rad Protein Assay
buffer (Bradford assay; Bio-Rad; Hercules, CA), using the micro-assay procedure for microtiter

plates.

Western Blot:

A western blot is used to detect the abundance of a specific protein by using an antibody
against the protein. Ten micrograms of protein extract from each mouse was used for western
blotting to analyze abundance of specific proteins. Extracts from 3 different mice in each of the 8
experimental mouse groups were analyzed and each western blot included one sample from each
of the 8 mouse groups. Extracts were prepared for western blotting by reduction of disulfide
bonds with DTT (dithiothreitol; 50mM) and NuPage LDS-sample buffer (141 mM Tris base, 106

mM Tris HCI, 2% LDS, 10% Glycerol, 0.51 mM EDTA, 0.22 mM SERVA Blue G, 0.175 mM



Phenol Red, pH 8.5; Invitrogen), and heating at 99°C for 5min. Protein were separated based on
size by electrophoresis using pre-cast Bis-Tris gels (4-12%, 1mm:; Invitrogen; Carlsbad, CA) and
MES running buffer (Invitrogen) at 200V for 40 min, then transferred to nitrocellulose
membrane (0.45um) at 30V for 60min. Following protein transfer, membranes were stained with
Ponceau-S protein stain to confirm protein transfer and ensure lack of bubbles that may have
hindered protein transfer in molecular weight range of the target proteins to be analyzed. Next,
membranes were blocked with 5% nonfat (NF) milk /TTBS (Tris-buffered saline) for 30 minutes
at room temperature, followed by overnight incubation at 4°C in the following primary
antibodies prepared in 5% BSA(bovine serum albumin)/TTBS: rabbit anti-fibronectin (Sigma
cat. No. #F3648, 1:1000); rabbit anti-y-GCSc (Glutamyl-Cysteine Synthetase/catalytic subunit;
Santa Cruz cat. No. #22755, 1:500); rabbit anti-SOD-1 (Superoxide dismutase-1; Santa Cruz cat.
No. #11407, 1:2000); mouse anti-GAPDH (Glyceraldehyde phosphate dehydrogenase;
Millipore; 1:150,000). The next day membranes were washed 3 x 5 minute in TTBS and
incubated in respective horse radish peroxidase-conjugated, goat-anti-rabbit or goat-anti-mouse
secondary antibody (Cell Signaling [Danvers, MA] cat. #7074, 7076; 1:2000 in 5% NF
milk/TTBS) for 1 hour at room temperature. Following three 5 minute washes with TTBS,
membranes were incubated with peroxide/luminol chemiluminescent substrate (Pierce/ Thermo
scientific; Waltham, MA) for 1 minute. Chemiluminescent light emission from protein
band/antibody complexes were captured with a Bio-Rad Imager coupled to Image Lab software.
To quantify abundance of specific proteins, densitometry of western blot bands was conducted
using ImageJ software, available from the NIH (imagej.net). Western blotting of GAPDH was
conducted to serve as a measure of total protein loading in each lane. GAPDH is often used as a

housekeeping protein with steady expression (Nie, W et al 2017). Thus, the ratio of densitometry



values for SOD-1, GCSc, and FN in each lane to GAPDH was used to normalize abundance of

each protein to protein loaded in each lane.

Data presentation and Statistical Analysis

Bar graphs are mean +/- SD or SEM, as specified in figure legends. Comparison of
experimental outcomes (body weight, relative kidney weight, western blot data, picro-sirius red
staining) between experimental mouse groups was performed using a 3-way ANOVA with full
model (linear + interactions), followed by multiple comparisons using Tukey's test (HSD -
honestly significant difference), in Matlab 2023b (The Mathworks). P-values <0.05 were

considered statistically significant.

RESULTS

Effects of HFD and SB on mouse body weight and the ratio of kidney weight to body
weight

Previous reports on effects of SB in rats have shown a decrease in body weight, while mice were
found to have increased body weight (Fujitani 1993). In the current study, mouse body weight
for each group was measured following completion of the 10 weeks of the experimental
duration. Based on 3-way ANOVA there was a significant effect of sex (p <0.01) for increased
body weights in males, compared to females (Figure 1). Multiple comparisons with Tukey post
hoc analysis showed body weights in male mice in all groups were significantly increased
compared to females in the same experimental groups. In addition, there was significance for an
interaction between sex and diet (p<0.01), as males in the HFD group had higher body weights,

compared to male mice on control diet and this effect was not altered by treatment with SB. In



addition, the 3-way ANOVA results showed a significant interaction between sex and SB
treatment (p<0.01).

The ratio of kidney weights (both kidneys) to body weight was calculated and based on
3-way ANOVA analysis, diet had a significant (p <0.01) effect and there was a significant
interaction between sex and diet (Figure 2). These results showed that in male mice the HFD
group had significantly lower kidney weight/body weight ratios, and this effect was not altered
by treatment with SB.

Effects of HFD and SB on extracellular matrix proteins

Preliminary lab findings on kidneys sections of mice in this study showed HFD +/- SB treatment
causing increased tubule vacuolization in male mice, compared to female mice. Picro-Sirius red
histological staining solution stains collagen I and 11 fibers in the ECM, and is used to determine
the extent of ECM expansion and/or fibrosis in kidney disease. Stained collagen fibers are
indicated by dark red staining on stained tissue sections. Figure 3 shows representative picro-
sirius red-stained kidney sections in female mice from all four diet and treatment groups.
Similarly, Figure 4 shows representative images from male mice from all four groups. All
images shown are from kidney cortex. Green arrows on images point to specific picro-sirius red-
staining in the interstitial regions of kidney cortex and staining of these structures were selected
by Image-Pro software for quantitation. Results of picro-sirius red staining analysis are shown in
Figure 5. Based on a 3-way ANOVA, results show a significant effect of sex (p = 0.02), with an
overall increase in picro-sirius red staining in kidney cortex of female mice, compared to male
mice (Figure 5). In addition, there was a significant interaction between diet and treatment (p =
0.02). Post hoc analysis found a significant decrease in female mice on a high fat diet compared

to female mice on a control diet.



The abundance of ECM proteins was also analyzed by western blot analysis of
fibronectin in whole kidney protein extracts from each group. Fibronectin expression increases in
kidney diseases such as diabetes that are associated with fibrosis. As shown in Figure 6,
abundance of fibronectin was not different between any of the mouse groups, although the p-
value for the effect of sex alone was 0.08, suggesting that fibronectin in males had a trend toward
higher abundance, compared to female mice.

Effects of HFD and SB on protein abundance of enzymes in anti-oxidative defense
pathways

Abundance of enzymes in cellular antioxidative defenses were analyzed by western blot. Whole
kidney protein extracts were analyzed for abundance of y-glutamyl-cysteine Synthetase/catalytic
subunit (GCSc). This enzyme is responsible for the rate limiting step in synthesis of glutathione.
As an antioxidative molecule, glutathione neutralizes ROS and can detoxify molecules.
Furthermore, cycling of reduced and oxidized forms of glutathione plays an important role in
maintaining cellular redox balance and activity of enzymes, such as glutathione peroxidase in
catalysis of hydrogen peroxide. As shown in Figure 7, sex had a significant (p = 0.01) effect on
GCS with an overall deceased abundance in male mice, compared to female mice. Removing
diet as a variable in the post hoc multiple comparisons analysis revealed a p-value of 0.06
between female and male mice in the water treatment groups, close to reaching significance.

Next, abundance of superoxide dismutase-1 (SOD-1) enzyme was analyzed in whole
kidney protein extracts. This enzyme catalyzes the breakdown of superoxide radicals to
molecular oxygen and hydrogen peroxide and plays a significant role in cell antioxidative
defense mechanisms. Activity and/or abundance of SOD-1 has been shown to be both increased

and decreased in animal models following exposure to SB, as well as in animal models of CKD.



As shown in Figure 8, as well as results of a 3-way ANOVA analysis, abundance of SOD-1

protein was not altered between any of the mouse groups.

DISCUSSION

While SB is generally considered safe for consumption, some reports of treatment of
animals within the GRAS limits of SB in humans show altered kidney function and/or markers
of injury. With the prevalence of obesity and the reported effects of obesity and a consumption
of a HFD on kidneys, the goal of this study was to determine the effects of SB in combination
with a HFD, in male and female mice kidneys. The results of this study showed that SB did not
alter the effect of HFD on body weight of male mice, and abundance of GCSc protein is
significantly reduced in kidneys of male mice. These results suggest that male mice may be more
susceptible to kidney injury in response to additional nephrotoxic conditions.

Similar to previous reports, males on a high fat diet had increased body weight. However,
this effect was not altered with SB treatment. In addition, in contrast to prior reports (Fujitani
1993), SB alone did not alter body weight. This may be due to differences in mouse strain
(C57BI/6J vs B6C3F). This is different than results of female mice body weight, in which there
was no significant difference following a high fat diet +/- SB. Similarly, due to increased body
weight, the kidney to body weight ratio was only decreased in male mice, and SB had no
additional effects to that of HFD.

Picro-Sirius red staining of kidney sections allowed for visualization and quantification
of collagen fibers in the interstitium and a measure of ECM production. There was a significant
difference in specific staining with picro-sirius red in female/CD/water mice compared to
female/HFD/water mice. However, there were no significant differences reported in the

remaining groups. The increased staining visualized in the female/CD/water group is likely a



limited finding due to several factors. First, one female mouse in the CD/Water group had
increased tubular damage based on previous histological analysis. This is likely due to possible
undetected illness of the mouse during the experimental trial. Also, there was significantly
increased nonspecific staining from picro-sirius red in kidney sections from all mouse groups
including non-matrix regions, and cell nuclei that also stained red. This affected analyzing the
images in ImagePro, which was unable to differentially apply the color profile created for
specific staining selection, leading to omission of specific staining in numerous cases. In
combination, all of these limitations likely contributed to the increased detection in this female
control mouse group; however, it may also account for the lack of significant values for the
remaining cohorts. Future studies are aimed at optimizing the staining procedure with inclusion
of hematoxylin staining of nuclei to help mask any non-specific red nuclear staining. In addition,
analysis of images at higher magnification may aid specific stain detection. Another possible
limitation was the images and analysis included only the cortex region of the kidneys and did not
evaluate the juxtamedullary region. Based on histology of the tissues, there was an increased
incidence of specific staining indicative of widened extra cellular matrix within the
juxtamedullary region, and this area will be analyzed in future studies, with inclusion of kidney
sections from additional mice in each experimental group. Lastly, the 10-week experimental
duration may not be sufficient to cause significant differences among the mouse groups, and
longer duration of diet and treatment exposures may be required for histological changes to be
observed. Previous reports of mice on a HFD with a similar duration as the current study were
also unable to find differences in picro-sirius red staining (Sanchez-Navarro et al., 2021).
Fibronectin is a major structural protein within the extracellular matrix. In kidney injury,

as cells are damaged or undergo cell death due to necrosis or apoptosis, abundance of matrix



proteins increases, and this was tested to determine if SB exposure may induce fibronectin. This
study found no differences in fibronectin abundance between males and females under either diet
or treatment changes. Upregulation in expression of matrix proteins in response to injury or
disease occurs before appreciable tissue histologic observations. In addition, the whole kidney
extract preparations used for western blotting may not include proteins from the insoluble ECM
fractions. Therefore, future studies are aimed at analysis of fibronectin by immunohistochemistry
of kidney sections to be able to determine cellular and extracellular expression/abundance.
Superoxide dismutase (SOD-1) is an enzyme largely responsible for neutralizing
superoxide, and alterations in the amount of SOD-1 in the kidney may impact the ability to resist
oxidative stress. There were no significant differences noted in SOD-1 abundance in any of the
cohorts. This is in contrast to prior studies which reported decreased SOD-1 abundance (Abd-
Elhakim 2023). Future studies will analyze SOD-1 activity. Glutamyl cysteine synthetase (GCS)
was analyzed because it is the first enzyme in the pathway of glutathione synthesis, a critical
element for reducing oxidative radicals. This is unique compared to prior studies which have
instead analyzed abundance of glutathione. Other studies analyzing GSH have reported
decreased abundance following increased exposure dosages (Olofinnade 2021). This study
reports a significant decrease of GCS abundance in males, which would directly reduce synthesis
of GSH and is consistent with prior studies. There was no significant difference observed in
female cohorts for GCS abundance. Future studies will analyze expression of GCS in additional

mice in each experimental group.

CONCLUSIONS



Compared to previous reports on effects of SB on kidneys, design of the current study is unique
in examining the combined effects of high fat diets, known to lead to kidney injury, with SB.
This was to more closely resemble the effects of SB in the setting of obesity. Furthermore,
contrary to the majority of reports, the current study included both male and female mice. The
addition of SB did not alter the effects of HFD on body weight in males. In addition, the
promising findings of decreased GCS expression in male mice and the effects of HFD and SB on
GCS will continue to be examined in additional mice in each group, due to the limited sample
size in this current study. Future studies on analysis of markers of oxidative stress and analysis of
specific ECM proteins will aid in defining the combined effects of HFD and SB in male and

female mice.
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Figure 1: Effect of high fat diet and SB on body weight of female and male mice. Bars in graph
represent average +/- standard deviation in each group. N=4, male/CD/SB group and
female/HFD/SB group; N=5, all other mouse groups.

# Indicates a significant interaction between sex with a p-value = 4.38 x 104, from 3-way
ANOVA test. ** Indicates significant interaction in males between sex and diet and also sex and
treatment with a p-value of less than 0.01, by Tukey test.

Tukey test indicated significant difference between male/CD/SB and male/HFD/SB,
male/CD/water and male/HFD/SB, male/CD/water and male/HFD/water. SB was not additive to
the effect of HFD on male bodyweight. No significant differences noted on post-hoc analysis
within female groups.
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Figure 2: Effect of high fat diet and SB on kidney weight to body weight ratio in female and
male mice. Bars in graph represent average +/- standard deviation in each group. N=4,
male/CD/SB group and female/HFD/SB group; N=5, all other mouse groups.

** Indicates significant interaction with p-value of less than 0.05.

3-way ANOVA indicated a significant interaction between sex with p=0.01 and a significant
interaction in males between diet and treatment. Post-hoc analysis did not reveal any significant
interactions in female groups. These results show that there was no kidney hypertrophy
associated with increased bodyweight gain in male mice.



Figure 3: Picro-Sirius red staining of kidney sections in female mice. Images shown are
representative of kidney cortex regions. Green arrows indicate positive staining for collagen
fibers of the ECM in interstitium of kidneys. Original magnification, 40x.



Figure 4: Picro-Sirius red staining of kidney sections in male mice. Images shown are
representative of kidney cortex regions. Green arrows indicate positive staining for collagen
fibers of the ECM in interstitium of kidneys. Original magnification, 40x.
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Figure 5: Analysis of picro-sirius red staining in kidney sections. Ratio of area of Picro-Sirius red
stain detected to total surface area of cortex tissue analyzed. Bars in graph represent average +/-
SEM for each group.

# Indicates p-value<0.05, females vs males, 3-way ANOVA test. * Indicates p-value <0.05,
Tukey test. No significant differences in male groups revealed by Tukey test. N=3/group.
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Figure 6: Effect of high fat diet and SB on fibronectin protein abundance in kidneys from female
and male kidneys. Western blot of fibronectin and GAPDH (lane protein loading control) are
shown. Western blot lanes are aligned with and lane identification indicated by the bar graph
below the blots. Bars in graph represents ratio of fibronectin protein band densitometry to that of
GAPDH in each lane, to normalize for protein loading in each lane. Fibronectin was not different
between any experimental groups in males or females. N=3/mouse group.
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Figure 7: Effect of high fat diet and SB on GCS protein abundance in kidneys from female and
male kidneys. Western blot of GCS and GAPDH (lane protein loading control) are shown.
Western blot lanes are aligned with lane identification indicated by the bar graph below the blots.
Bars in graph represents ratio of GCS protein band densitometry to that of GAPDH in each lane,
to normalize for protein loading in each lane.

*Indicates p-value<0.05 male vs female. No significant differences in experimental groups in
either male or female mice. N=3/mouse group.
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Figure 8: Effect of high fat diet and SB on SOD-1 protein abundance in kidneys from female and
male kidneys. Western blot of SOD-1 and GAPDH (lane protein loading control) are shown.
Western blot lanes are aligned with- and lane identification indicated by the bar graph below the
blots. Bars in graph represents ratio of SOD-1 protein band densitometry to that of GAPDH in
each lane, to normalize for protein loading in each lane. No significant differences found
between any of the experimental mouse groups. N=3/mouse group.
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