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Abstract
Monosodium glutamate (MSG), a commonly used �avor enhancer, has been reported to induce hepatic
and renal dysfunctions. In this study, the palliative role of protocatechuic acid (PCA) in MSG-administered
rats was elucidated. Adult male rats were assigned to four groups, namely control, MSG (4 mg/kg), PCA
(100 mg/kg), and the last group was co-administered MSG and PCA at aforementioned doses for seven
days. Results showed that MSG augmented the hepatic (AST and ALT) and renal (urea and creatinine)
functions markers as well as glucose, triglycerides, total cholesterol and LDL levels. Moreover, marked
increases in MDA levels accompanied by declines in GSH levels and notable decreases in the activities of
SOD, CAT, GPx, and GR were observed in MSG-treated group. The MSG-mediated oxidative stress was
further con�rmed by down-regulation of Nfe2l2 gene expression levels in both tissues. In addition, MSG
enhanced the hepatorenal in�ammatory response as witnessed by increased in�ammatory cytokines (IL-
1b and TNF-α) and elevated NF-κB levels in both tissues. Further, signi�cant increases in Bax (pro-
apoptotic biomarker) levels together with decreases in Bcl-2 (anti-apoptotic marker) levels were observed
in MSG administration. Hepatic and renal histopathological screening supported the biochemical and
molecular �ndings. On the contrary, co-treatment of rats with PCA resulted in remarkable enhancement of
the antioxidant cellular capacity, suppression of in�ammatory mediators and apoptosis. These effects
are possibly endorsed for activation of Nrf-2 and suppression of NF-kB signaling pathways. Collectively,
addition of PCA counteracted MSG-induced hepatic and renal injurious effects through modulation of
oxidative, in�ammatory and apoptotic alterations.

Introduction
Many chemicals have been recently introduced in food technology such as colorants, preservatives,
stabilizers, emulsi�ers, sweeteners, and �avor enhancers (Acar). Monosodium glutamate (MSG), the
sodium salt of glutamic acid, is one of the frequently used �avor enhancers (E621) to increase food
palatability and taste (Mahieu et al. 2016). By acting on particular glutamate receptors in the taste buds,
it enhances markedly the taste and palatability of food (Hassan et al. 2020). It elicits the “umami” taste
experience that is recognized in high glutamate foods as meat, �sh, cheese, and some vegetables (del
Carmen Contini et al. 2017). Currently, MSG can be added to soups, processed meats, dietary
supplements, and canned vegetables (Celestino et al. 2021). Despite of being reported as safe for human
according to the last FDA reports, using of MSG as a food additive is still disputed (Shukry et al. 2020).
Former reports have revealed that the consumption of MSG was associated with human metabolic
syndrome, obesity, and arterial hypertension in addition to various damages in the liver, brain, thyroid, and
kidney (Elbassuoni et al. 2018, Mekkawy et al. 2020, Nahok et al. 2019).

It was reported that MSG administration resulted in hepatocellular damage as demonstrated by increases
in biomarkers of liver functions, oxidative stress, in�ammation and apoptosis (Eid et al. 2019, Hassan et
al. 2020). Recent studies stated that MSG evoked notable alterations in lipid pro�le (Shukry et al. 2020).
Administration of MSG to newborn rats was accompanied by insulin resistance, increase in body weight,
hyperlipidemia and hyperglycemia (Sasaki et al. 2011, Seiva et al. 2012). Moreover, chronic exposure to
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MSG evokes marked nephrotoxicity with subsequent cellular and functional damage (Sharma et al.
2014). Glomerular hypercellularity accompanied by in�ltration of in�ammatory cells in the kidney cortex
were observed in rats injected with MSG (Dixit et al. 2014). On long-term consumption, MSG causes
alkaline urine and triggers kidney stones formation with induction of tubulo-interstitial �brosis in rats
(Nahok et al. 2019). Imbalance between excessive production of free radicals and antioxidant system in
cells is a major contributor to MSG-mediated hepatorenal damage (Albrahim &Binobead 2018, Eid et al.
2019, Sharma et al. 2014). Nrf2 is a master antioxidant regulator which induces the expression of phase
 antioxidant enzymes (Yuan et al. 2020). In response to oxidative damage, Nrf2 migrates to the nucleus

to trigger the synthesis of antioxidant enzymes to overwhelm excess ROS and reducing DNA damage (El-
Khadragy et al. 2021, Kassab et al. 2020). Nuclear factor-κB (NF-κB) is a vital regulator for in�ammatory
responses that triggers the proin�ammatory gene expression as TNF-α and other cytokines (Kaewmool et
al. 2020). Accordingly, targeting the Nrf2 and NF-κB pathways could be potent therapeutic approaches to
alleviate organ damage following MSG exposure.

Protocatechuic acid (PCA), 3,4-dihydroxybenzoic acid, is a major anthocyanins metabolite that is widely
detected in olives, Hibiscus sabdariffa, Salvia miltiorrhiza, white grape wine and green tea (El-Sonbaty et
al. 2019, Kaewmool et al. 2020). Several studies have addressed the multifaceted biological effects of
PCA as antioxidant, anti-in�ammatory, anti-hyperglycemic and antiapoptotic activities (Adefegha et al.
2015, Li et al. 2021a, Li et al. 2021b). Radhiga et al. (Radhiga et al. 2016) found that PCA induced marked
declines in lipid pro�le markers (TC, TG, free fatty acid, and phospholipids) in the plasma, liver and kidney
of D-galactosamine-administered rats. Further, PCA evoked a notable hepatorenal protective effect
indicated by improvement of both organ functions and structural integrity in rats treated with cadmium
and D-galactosamine (Adefegha et al. 2015, Radhiga et al. 2016). Marked anti-in�ammatory and
antioxidative properties were also reported in PCA co-treatment against doxorubicin (Molehin et al. 2019),
cadmium (Adefegha et al. 2015), methotrexate (Owumi et al. 2019), and diabetic nephropathy (Lin et al.
2011). Modulation of Nrf2 pathway was reported in PCA-injected mice with subsequent relieve of brain
edema and disrupted blood brain barrier after intracerebral hemorrhage (Xi et al. 2020). Moreover, PCA
provoked anti-in�ammatory and anti-apoptotic activities with decreased microglial activation in
lipopolysaccharide-activated BV2 cells by inhibition of the NF-κB pathway (Kaewmool et al. 2020).

Based on its bene�cial effects, PCA co-treatment may be considered as a fascinating intervention to
alleviate organ damage. However, to our knowledge, no previous report in the literature focused on the
effect of PCA on hepatorenal damage accompanying MSG administration in rats. Therefore, it would be
worthy to study the potential therapeutic activity and the possible underlying mechanisms of PCA on
both liver and kidney dysfunctions associated with MSG exposure in rats. Oxidative stress, in�ammatory
and apoptotic biomarkers were assessed on the biochemical and molecular levels.

Materials And Methods
Chemicals



Page 5/26

Monosodium glutamate (MSG) and PCA were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Exprimental animals

Adult male Wister albino rats (150-200 grams body weight; 8-10-week-old) were obtained from VACSERA
(Helwan, Cairo, Egypt) and used for this study. The housing of animals was under controlled laboratory
conditions of temperature (22 -24 °C), humidity (50 -60 %) and 12 h light/dark cycle. During the study, rats
were fed on standard rodent balanced diet and freely supplied with water. 

Study design and treatment protocol

Rats (N= 40) were assigned into four equal groups of ten rats each and orally treated with either MSG
and/or PCA per day for seven days:

Group 1 (Control); rats orally received normal saline (0.9% NaCl).

Group 2 (PCA); rats were administered orally with 100 mg kg-1 of PCA via a gavage needle for seven days
according to a previous report (Li et al. 2021b).

Group 3 (MSG); rats were treated with 4 mg kg-1 of MSG for seven days according to a previous
report (Eid et al. 2019).

Group 4 (PCA+MSG); rats were received 100 mg kg-1 of PCA for seven days and 4 mg kg-1 of MSG for
another seven days.

The treatment with PCA was done 120 min before administration of MSG. After 24 h from the last
treatment, animals were euthanized by intraperitoneal injection with 90–100 mg ketamine and 10 mg
xylazine kg-1. Blood samples were collected and allowed to coagulate for serum separation. The liver and
kidney were directly dissected and divided into three parts. The �rst portion was utilized for preparing
tissue homogenates (10% w/v) were equipped by mixing a speci�ed weight of the tissue with ice-cold 50
mM Tris-HCl buffer (pH 7.4) followed by centrifuging at 3000 × g for 10 min at 4 °C. The resultant
supernatant was stored at -20 °C for biochemical analysis. The second portion was kept at -80 °C for
analysis of gene expression. The third portion was preserved in 10% of neutral‐buffered formalin for
histopathological examination.

Estimation of liver and kidney function markers

Serum parameters of liver functions (ALT, and AST) were calorimetrically measured using standard kits
(Biodiagnostic, Giza, Egypt) based on the methods described by Reitman and Frankel (Reitman &Frankel
1957). Also, renal function markers (urea, and creatinine) were evaluated using commercial kits following
the manufacturer’s information.

Assessment of glucose level and lipid pro�le biomarkers
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Levels of total cholesterol (TC) and triglycerides (TG) were estimated using standard kits (Biodiagnostic,
Giza, Egypt) following the manufacturer’s information. The level of  serum glucose was determined
according to the method described by Trinder et al. (Trinder 1969). 

Oxidative stress and antioxidant biomarkers

Levels of renal and hepatic glutathione (GSH), the non-enzymatic antioxidant marker, were determined
colorimetrically utilizing Elaman’s reagent according to the method of by Ellman (Ellman 1959). Lipid
peroxidation was assessed in terms of malondialdehyde (MDA) according the method established by
Ohkawa et al. (Ohkawa et al. 1979). Measurement of the activities of superoxide dismutase (SOD) was
done based on the capability of SOD to inhibit the reduction of nitroblue tetrazolium dye as reported by
Sun et al. (Sun et al. 1988). In addition, catalase (CAT) activities was estimated according to the
decomposition rate of H2O2 following the method of Aebi (Aebi 1984). GSH peroxidase (GPx), and GSH
reductase (GR) were assessed by determining the oxidation rate of NADPH at 340 nm and reduction rate
of NADPH in the presence of glutathione according to Paglia and Valentine (Paglia &Valentine 1967), and
Factor et al. (Factor et al. 1998), respectively.

RNA extractions, reverse transcriptions and qRT-PCR

Total RNA was isolated from the liver and kidney samples by TRIzol reagent (Qiagen, Germantown, MD,
USA) following the manufacturer instructions. Then, the cDNA synthesis was conducted by a Super
ScriptVILO cDNA Synthesis Kit (Life Technologies, Thermo Fisher Scienti�c, Waltham, MA, USA).
Quanti�cation of target mRNA levels were performed by qRT-PCR using SYBR Green MasterMix (Life
Technologies, CA, USA) with the Applied Biosystems 7500 Instrument. Primer of the Nfe2l2 gene: forward,
5'-CAGCATGATGGACTTGGAATTG-3' and reverse 5'-GCAAGCGACTCATGGTCATC-3' were prepared by
Jena Bioscience GmbH (Jena, Germany). B-actin: forward, 5'-GTCCACCCGCGAGTACAAC-3' and reverse 5'-
GGATGCCTCTCTTGCTCTGG-3' was used as the housekeeping gene. The alterations in gene expression
compared to the control were assessed based on the standard 2−ΔΔ Ct method according to Pfa� (Pfa�
2001).

In�ammatory marker determination

Pro-in�ammatory markers, i.e.; tumor necrosis factor-α, and interleukin-1β were assessed by ELISA kits
obtained from Thermo Fisher Scienti�c, USA according to the manufacturer’s instructions for TNF-α (Cat.
no. BMS607-3) and IL-1β (Cat. no. BMS6002).

Apoptotic biomarkers assessment

Levels of Bax, pro‐apoptotic marker, and Bcl‐2, antiapoptotic marker, were estimated using commercially
available ELISA kits purchased from BioVision, Inc. Manufacturers' information for (rat Bax; Cat. No.:
E4513) and Cusabio (rat Bcl‐2; Cat. No.: CSB‐E08854r).

Histopathological examination
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Liver and kidney were �xed by immersion in neutral buffered formalin (10%), dehydrated, embedded in
para�n wax and cut into 5 μm-thick sections. After that, liver and kidney sections were depara�nized,
stained with hematoxylin and eosin and examined under a Nikon Eclipse E200-LED microscope (Nikon
Corporation, Tokyo, Japan) for histopathological changes.

Statistical analysis

To assess the differences between groups, one-way analysis of variance (ANOVA) followed by Duncan’s
Multiple Range test was employed. P value was less than 0.05 was considered to be statistically
different. Analyzed data were presented as the mean ± SD.

Table (1): The effect of protocatechuic acid (PCA) on monosodium glutamate (MSG)-induced
disturbance in liver and kidney functions biomarkers, glucose and lipid pro�le in serum samples in male
rats.

Parameters CNT PCA MSG PCA+MSG

ALT (U/L) 44.89±5.71 46.41±6.24 84.64±7.69a 58.96±7.45ab

AST (U/L) 65.37±9.48 65.37±7.22 127.74±13.90a 75.49±12.15b

Urea (mg/dL) 30.43±7.17 28.15±5.14 70.37±7.21a 43.56±7.79ab

Creatinine (mg/dL) 0.52±0.11 0.56±0.09 0.63±0.08a 0.58±0.07b

Glucose (mg/dL) 129.62±5.67 120.33±12.32 156.73±12.40a 133.52±9.44b

Total cholesterol (mg/dL) 34.35±6.63 33.05±5.21 58.68±11.64a 40.11±7.62b

Triglyceride (mg/dL) 107.71±15.30 94.71±14.93 159.52±17.02a 121.45±16.81ab

Each value represents mean ± SD (n = 7). a P < 0.05 versus the control rats, b P < 0.05 versus the MSG-
treated rats.

Results

PCA modulates MSG-induced hepatorenal dysfunction
markers in rats
As shown in Table 1, marked increases (P < 0.05) were noticed in enzymatic activities of AST, and ALT of
as well as levels of urea and creatinine in MSG-treated rats in respect to their controls. However, rats
received the treatment with PCA displayed notable declines (P < 0.05) in the aforementioned markers
when compared with MSG-administered rats.
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PCA counteracts MSG-induced alterations in glucose level
and lipid pro�le in rats
In comparison with the control group, notable increases (P < 0.05) were observed in levels of glucose, TC
and TG in MSG-exposed rats. On the other hand, the administration of PCA lessened signi�cantly (P < 
0.05) the levels of the above-mentioned markers in relation with MSG-treated group as presented in
Table 1.

PCA mitigates MSG-induced hepatic and renal oxidative
markers in rats
Figure 1 depicts the impact of PCA administration on biomarkers of oxidative stress in the kidney and
liver of MSG-treated rats. Marked elevations (P < 0.05) in lipid peroxidation products represented by MDA
levels were observed in MSG-exposed rats compared to the control rats. Concomitant depletion of GSH
levels (P < 0.05) were also detected in MSG-exposed rats in respect to the control. Interestingly, in
comparison with the MSG-exposed rats, notable increases (P < 0.05) in GSH levels were recorded together
with decreases (P < 0.05) in MDA levels in both organs in rats co-treated with PCA.

PCA boosts hepatic and renal antioxidant enzymatic
activities in MSG-treated rats
MSG treatment inhibited markedly (P < 0.05) the activities of SOD, CAT, GPx, and GR in both organs
compared to the control rats which reveal the diminished antioxidant power of the cells (Fig. 2). However,
the co-administration of PCA at 100 mg kg− 1 enhanced markedly (P < 0.05) the enzymatic levels of SOD,
CAT, GR, and GPx in liver and kidney relative to the sole treatment with MSG.

To illustrate the antioxidant potency of PCA to trigger Nrf2 pathway in hepatic and renal tissues of rats
exposed to MSG, the mRNA expression of Nfe2l2 were assessed in both organs of the tested groups
(Fig. 3). Compared to control, MSG administration provoked signi�cant down-regulations (P < 0.05) in the
mRNA expression of Nfe2l2 in liver and kidney of treated rats. However, the co-treatment of rats with PCA
induced notable increases (P < 0.05) in Nfe2l2 expression related to the rats received only MSG.

PCA exerts anti-in�ammatory effect in hepatic and renal
tissues of MSG-treated rats
As displayed in Fig. 4, MSG treatment obviously prompted in�ammatory reactions indicated by
substantial increases (P < 0.05) in levels of TNF-α, and IL-1β in hepatic and renal tissues compared to
control. Notably, concomitant treatment with PCA statistically (P < 0.05) relieved the levels of tested
cytokines in relation with MSG-treated rats.
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Due to the crucial role of NF-κB signaling pathway in activation of in�ammatory mediators, the effect of
PCA and MSG exposure on NF-κB was investigated. As illustrated in Fig. 4, marked increases (P < 0.05) in
levels of NF-κB in hepatic and renal tissues in MSG group related to the control group. On the contrary,
PCA co-treatment halted the activation of NF-κB in both organs as indicated by lower NF-κB levels (P < 
0.05) than those of MSG-treated group.

PCA lessened MSG-induced hepatic and renal apoptotic
changes in rats
Rats exposed to MSG showed signi�cant higher levels of Bax, proapoptotic marker, in hepatic and renal
tissues than those in the control as shown in Fig. 5. In contrast, MSG induced signi�cant decreases (P < 
0.05) in Bcl-2, antiapoptotic marker, in liver and kidney compared to control rats. Upon pretreatment with
PCA, noticeable decreases (P < 0.05) in Bax levels concomitant with increases (P < 0.05) in Bcl-2 levels
were observed compared to the MSG-intoxicated rats. These �ndings revealed the anti-apoptotic effect of
PCA in rats treated with MSG.

PCA abrogates the histopathological alterations in liver and kidney of MSG-treated rats

Histopathological screening of hepatic tissue of the control and PCA-administered rats showed typical
hepatic histoarchitecture with central vein and well-arranged hepatocytes (Figs. 6A and 6B, respectively).
In contrast, liver sections of the MSG-treated rats displayed marked dilatation in the central vein and
blood sinusoids in addition to disarrangement of the hepatic strands with many fat bodies. Hepatocytic
vacuolation, in�ltration of massive in�ammatory cells and enlarged detached Kupfer cells were also
noticed. Additionally, there were abundant small fragmented pyknotic nuclei and apoptotic hepatocytes
(Fig. 6C). Interestingly, the co-treatment of rats with PCA e�ciently alleviated the hepatic lesions, indicate
the substantial protective effect of PCA against MSG-mediated injury (Fig. 6D).

Histopathological features of the kidney sections in the control and PCA-treated rats unveiled the normal
structure of the glomerulus and tubules without any damage (Figs. 7A and 7B, respectively).
Nevertheless, kidney tissue of the MSG-treated rats exhibited marked swelling in the glomeruli, decreased
Bowman's spaces, and vacuolar degeneration in addition to in�ltration of in�ammatory cells in the
interstitial tissue. Cellular debris were observed in the tubular lumen together with cell desquamation
(Fig. 7C). Notably, co-treatment with PCA protected renal tissue as evidenced by the normal histological
architecture of renal glomeruli and tubules (Fig. 7D).

Discussion
Because of their responsibility for the detoxi�cation of toxic compounds, marked alterations in functions
and structure of liver and kidney have been detected after MSG administration for seven days. After being
absorbed, MSG is converted into sodium ion and L-glutamate. The glutamate receptors are abundant in
central nervous system, as well as other organs as lungs, spleen, ovaries, liver, kidneys and heart (Gill
&Pulido 2001). When these receptors are overstimulated by glutamate or glutamate analogs, this could
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result in ROS production, lipid peroxidation and triggering the caspase cascade due to Ca2+ in�ux
(Mirzakhani et al. 2020). Accordingly, these changes can lead to organ dysfunction and enzymatic
disturbances. Additionally, after dissociation of MSG to glutamate, it produces ammonium ions by
oxidative deamination. Detoxi�cation of ammonium ion is done in the liver via the urea cycle. Therefore,
excess ammonium ion followed the MSG consumption could induce liver damage (Hassan et al. 2020).

Regarding the serum biochemical results, our study revealed signi�cant increases in serum ALT and AST
levels in MSG-treated group. These results are in agreement with former studies (Albrahim &Binobead
2018, Shukry et al. 2020). Transaminases are liver function indicators as they are released into the blood
circulation in cases of hepatocellular damage (Al Aboud et al. 2021). Histopathological screening
demonstrated extensive hepatic damage in MSG-treated group as the presence of dilated central vein,
disarranged hepatic strands and in�ltration of in�ammatory cells associated with some apoptotic
hepatocytes, which is in harmony with the biochemical �ndings and agrees with the previous studies
(Elbassuoni et al. 2018, Shukry et al. 2020). Owing to the dissociation of MSG into L-glutamate which is
transformed into glutamine, the later accumulates in hepatocytes resulted in its damage, and release of
ALT and AST enzymes into blood stream (Elbassuoni et al. 2018). Moreover, the ammonium ions created
by MSG trigger the formation of ROS that react with polyunsaturated fatty acids in hepatic cell
membrane with consequent membrane damage and release of hepatic enzymes (Shukry et al. 2020). On
the other hand, PCA preserved the functional as well as the structural integrity of the hepatic cellular
membrane as demonstrated by restoring serum levels of AST and ALT enzymes and the pathological
alterations. These �ndings reveal the membrane stabilizing activity of PCA and support former results of
the hepatoprotective role of PCA (Adefegha et al. 2015, Ibitoye &Ajiboye 2020, Radhiga et al. 2016).

Linked with the aforementioned alterations, we observed higher levels of glucose, TC and TG in MSG-
exposed rats. Our �ndings are in harmony with previous studies (Ibegbulem et al. 2016, Seiva et al. 2012,
Shukry et al. 2020). Since MSG interfere with the hepatic functional status, the hepatic metabolism of
lipoproteins may be negatively affected by MSG (Ibegbulem et al. 2016). Further, MSG could activate
coenzyme A reductase, the limiting factor of cholesterol synthesis, which in turn increase serum TG, and
TC (Shukry et al. 2020). High blood glucose level possibly attributed to encouragement of hepatic
gluconeogenesis as well as low tissue insulin sensitivity (Seiva et al. 2012). On the other hand,
concomitant PCA administration with MSG provoked potent hypolipidemic and hypoglycemic activities
which agree with recent studies (El-Sonbaty et al. 2019, Li et al. 2020). PCA showed notable decrease in
the activity of pancreatic lipase that is essential for absorption of triglycerides from the gastrointestinal
tract (Li et al. 2020). Similar results were previously reported in diabetic, and D-galactosamine-exposed
rats (Harini &Pugalendi 2010, Radhiga et al. 2016). Also, PCA displayed marked decreases in lipid pro�le
biomarkers associated with coronary artery disease in rats fed on high fat and fructose diet (Li et al.
2020).

To assess renal functionality in response to MSG administration, serum levels of urea and creatinine were
measured in our study. Compared to the control group, signi�cant increases were recorded in urea, and
creatinine in MSG-treated group and these are in agreement with previous studies (del Carmen Contini et
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al. 2017, Elbassuoni et al. 2018). Moreover, renal histopathological �nding revealed swollen glomeruli,
vacuolar degeneration and desquamation. Renal damage in MSG exposed rats may refer to the damage
in convoluted tubules and Bowman’s corpuscles. In addition, MSG was reported to alter the tubular
reabsorption, glomerular �ltration rate and renal blood �ow (Sharma 2015). All these factors may be
endorsed for the nephrotoxicity of MSG as a result of functional and cellular damage. However,
administration of PCA notably lessened the serum levels of renal function markers, thus indicating the
renoprotection against MSG-induced renal toxicity in rats. These results validate former studies that
reported the signi�cant renal protection of PCA against chemicals-induced nephrotoxicity (Molehin et al.
2019, Owumi et al. 2019).

Supporting former studies, MSG reported to exert a pro-oxidant effect on the liver and kidney that is
veri�ed by the marked increase in MDA contents concomitant with notable decreases in antioxidant
enzymatic activities of SOD, CAT, GR, GPx and GSH levels in the MSG-treated group (del Carmen Contini
et al. 2017, Eid et al. 2019, Elbassuoni et al. 2018, Shukry et al. 2020). Moreover, Sharma (Sharma 2015)
stated that high glutamate level induce overproduction of ROS in the renal tissue through activation of α-
ketoglutarate dehydrogenase which is a potential inducer for ROS generation. The kidney tissue is
vulnerable to lipid peroxidation by ROS due to its richness by long-chain polyunsaturated fatty acids
(Elbassuoni et al. 2018). Therefore, oxidative damage is involved in tissue damage and this is con�rmed
by hepatic and renal damage on histopathological examination.

Nrf2/antioxidant response element (ARE) signaling pathway is one of the crucial cellular defense
strategies to combat oxidative stress condition (Albarakati et al. 2020, Kassab et al. 2020). Normally, Nrf2
is inactive and combined with Kelch-like ECH-associated protein-1 (KEAP-1) in the cytoplasm but, in cases
of oxidative stress status, Nrf2 translocate to the nucleus to bind ARE. Such binding elicits the
downstream activation of antioxidant and detoxi�cation enzymes to restore cell homeostasis status (Gao
et al. 2018). In our study, marked upregulation in the expression of hepatic and renal Nrf2 in MSG-
exposed group was recorded as compared with the control. These results are in agreement with Gao et al.
(Gao et al. 2018) who reported marked decreases in both mRNA and protein expressions of Nrf2 in
response to MSG exposure in mice. In all, our data showed that MSG induced oxidative damage via
downregulation of Nrf2 expression level associated with attenuated antioxidant defense and elevated
lipid peroxidation level in hepatic and renal tissues.

Administration of PCA alleviated MSG-induced oxidative stress that was indicated by marked rises in the
antioxidant enzymes activities and the level of GSH in both organs in addition to signi�cant decreases in
MDA levels. Studies have shown that the antioxidant potential of PCA is ten times than that of α-
tocopherol (Song et al. 2020). The existence of hydroxyl groups in the chemical structure of PCA render it
as a hydrogen atom donor for reduction of peroxyl radicals and halt their injurious action on the cellular
membrane and cellular components (Owumi et al. 2019). These results are consistent with previous
investigations that stated the protective effects of PCA against oxidative damage in liver and kidney in rat
models (El-Sonbaty et al. 2019, Ibitoye &Ajiboye 2020, Molehin et al. 2019). PCA stimulates the activities
of endogenous antioxidant enzymes, as CAT, SOD, GST, GR, and GPx as well as decreasing levels of ROS,
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and MDA (Li et al. 2021a, Song et al. 2020). Additionally, PCA mediated-hepatorenal protection may be
endorsed for marked elevation in GSH level that increase the cellular GSH bioavailability to scavenge free
radicals generated by MSG as reported by former authors (Farombi et al. 2016, Owumi et al. 2019).

To further illustrate the antioxidant potential of PCA on liver and kidney of MSG-treated rats, the gene
expression of Nrf2 was investigated. PCA induced marked upregulation in Nrf2 pathway that is
responsible for the increased enzymatic activities of SOD, CAT, and this consistent with previous studies
(Ibitoye &Ajiboye 2020, Varì et al. 2011). The up-regulation of Nrf-2 expression by PCA results in a
massive translocation to the nucleus, where it can binds to the ARE sequences, inducing the gene
expression encoding for the majority of phase 2 detoxifying and antioxidant enzymes (Varì et al. 2011).

Furthermore, MSG has been shown to trigger in�ammatory responses evidenced by elevated IL-1b and
TNF-α levels and histopathological �ndings in the liver and kidney of exposed rats that is similar to what
has been reported previously (Banerjee et al. 2020, Mirzakhani et al. 2020). Oxidative stress has been
shown to enhance pro-in�ammatory gene expression which is associated with elevated in�ammatory
cytokines (TNF-α, and IL-1β) (Al-Megrin et al. 2020). Also, it was reported that excess exposure to
exogenous glutamate enhanced the transcriptional levels of pro-in�ammatory cytokines in brain and
intestine (Xu et al. 2005). Roman-Ramos et al. (Roman-Ramos et al. 2011) found that MSG exposure
stimulates the activation of peroxisome proliferator-activated receptors which control the pro-
in�ammatory cytokine signaling pathways in hepatic and fatty tissues. TNF-α triggers the transcription
factor NF-κB, critical regulator for in�ammation, which is translocated to the nuclear with consequent
activation of target in�ammatory genes. In our study, marked increases in levels of hepatic and renal NF-
κB were observed in MSG-treated group. Banerjee et al. (Banerjee et al. 2020) reported an increase in NF-
κB (p65) immune reaction in hepatic and cardiac tissues of MSG-fed rats.

On the contrary, PCA administration decreased the levels of IL-1beta, TNF-alpha and NF-κB in liver and
kidney of rat treated with MSG. Similar �ndings were reported in rats injected with methotrexate and co-
treated with PCA (Owumi et al. 2019). PCA elicited signi�cant anti-in�ammatory activities in various
animal models such as paw edema, cotton pellet granuloma and Freund’s adjuvant arthritis (Lende et al.
2011). Further, marked down-regulation in inducible nitric oxide synthetase and cyclooxygenase-2
expressions were noticed in the kidney of doxorubicin-injected rats (Molehin et al. 2019). PCA employs its
anti-in�ammatory effect via decreasing of the production of in�ammatory mediators via modulating their
gene and protein expressions involving NF-κB, MAPKs and STAT3 signaling pathways (Kaewmool et al.
2020). This indicates that PCA restrained MSG-induced in�ammatory responses in liver and kidney via
reducing NF-κB translocation to the nucleus with consequent suppression of target genes encoding the
proin�ammatory cytokines.

Our study also focused on the protective properties of PCA against MSG-induced cell death and
apoptosis. Apoptosis contributes to maintain the cell death and division balance. The oxidative stress
played a fundamental role to start the apoptosis (Li et al. 2021a). Kidneys and livers of MSG-treated rats
showed elevated Bax levels and declined Bcl-2 levels that revealed marked induction of apoptosis and
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agrees with former authors (Banerjee et al. 2020, Elbassuoni et al. 2018, Hassan et al. 2020, Shukry et al.
2020). Excess glutamate encouraged the in�ux of Ca2+ which disrupts the internal mitochondrial
membrane potential, with resultant disturbed mitochondrial permeability to apoptotic markers (Shukry et
al. 2020). On the contrary, PCA co-treatment elicited a signi�cant anti-apoptotic effect demonstrated by
decreasing the level of Bax and increasing the level of Bcl-2 in liver and kidney of MSG-received rats. Bcl-2
is a negative regulator of cellular death that protects cells against apoptotic damage, while Bax is a
positive regulator of cellular death that promotes or accelerates cell death. Moreover, upregulated Bcl-2
hinder the mitochondrial release of cytochrome-c to the cytosol, thus suppressing the caspases cascade
and apoptosis (Liu et al. 2008). Bcl-2 also has been shown to reduce apoptosis by regulating ion
transport and averting the collapse of mitochondrial membrane potential mediated by chemical agents
(Guan et al. 2006). Marked decreases were noticed in caspase-3 activities in the liver and kidney of MTX-
treated rats following PCA that signify its antagonistic effect against apoptotic cell death (Owumi et al.
2019). In vitro study revealed that PCA notably inhibited H2O2-induced platelet apoptosis by modulating
caspase-9 and caspase-3, Bax, Bcl-xL, and cytochrome-c with involvement of PI3K/Akt/GSK3β Signaling
pathway (Ya et al. 2021). Anti-apoptotic activity of PCA was reported previously against various
chemicals and toxic compounds (Al Olayan et al. 2020, Guan et al. 2006, Li et al. 2021a, Liu et al. 2008).

Conclusion
In summary, this study emphasizes that administration of MSG above the reported safe limit produced
liver and kidney disorders that is mediated by oxidative damage, in�ammation and apoptotic changes.
On the other side, PCA restored markedly the MSG-induced injuries by boosting the endogenous
antioxidant enzymes and GSH level together with inhibition of lipid peroxidation. In addition, PCA
lessened tissue in�ammation, apoptosis and hyperlipidemia. Hepatoprotective and renoprotective effects
of PCA may be endorsed for activation of Nrf2 antioxidant pathway and suppression of NF-kB signaling
pathway. Therefore, foods with over MSG concentration can be forti�ed with addition of PCA to
overwhelm its undesirable systemic effects.
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Figure 1

The effect of protocatechuic acid (PCA) on monosodium glutamate (MSG)-induced oxidative stress in
hepatic and renal tissues in male rats. Each value represents mean ± SD (n = 7). a P < 0.05 versus the
control rats, b P < 0.05 versus the MSG-treated rats.



Page 21/26

Figure 2

The effect of protocatechuic acid (PCA) on antioxidant enzyme activities (SOD, CAT, GPx, GR) in hepatic
and renal tissues in monosodium glutamate (MSG)-treated rats. The enzyme activity values are
presented as mean ± SD (n = 7), a P < 0.05 versus the control rats, b P < 0.05 versus the MSG-treated rats.
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Figure 3

The effect of protocatechuic acid (PCA) on mRNA expression of Nfe2l2 in hepatic and renal tissues in
monosodium glutamate (MSG)-treated rats. PCR results are expressed as mean ± SD of triplicates that
were normalized to the housekeeping Actb gene and represented as fold-change. a P < 0.05 versus the
control rats, b P < 0.05 versus the MSG-treated rats.
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Figure 4

The effect of protocatechuic acid (PCA) on levels of IL-1b, TNF-α and NF-κB in hepatic and renal tissues
in monosodium glutamate (MSG)-treated rats. Each value represents mean ± SD (n=7). a P < 0.05 versus
the control rats, b P < 0.05 versus the MSG-treated rats.
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Figure 5

The effect of protocatechuic acid (PCA) on monosodium glutamate (MSG)-induced apoptosis in the
hepatic and renal tissues in male rats (n = 7). Bax and Bcl-2 values are presented as mean ± SD (n = 7). a
P < 0.05 versus the control rats, b P < 0.05 versus the MSG-treated rats.



Page 25/26

Figure 6

H&E stained micrographs of hepatic tissues from (A) control, (B) PCA, (C) MSG, and (D) PCA + MSG-
treated male rats. (A, B): showing a normal hepatic tissue structure. (C): marked dilatation of hepatic
sinusoids, and hepatocyte vacuolation with in�ltration of in�ammatory cells. Besides, there were
abundant small fragmented pyknotic nuclei and apoptotic hepatocytes (D) Co-treatment with PCA
showed no visible lesions. Scale bar = 100 μm.
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Figure 7

H&E stained micrographs of renal tissues from (A) control, (B) PCA, (C) MSG, and (D) PCA + MSG-treated
male rats. (A, B) showing a normal renal tissue structure. (C) renal tissue showed marked swelling in the
glomeruli, decreased Bowman's spaces, vacuolar degeneration in addition to in�ltration of in�ammatory
cells in the interstitial tissue. (D) Co-treatment with PCA showed no visible lesions. Scale bar = 100 μm.


