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Abstract: Monosodium glutamate (MSG) is commonly used as a flavor enhancer; 

nevertheless, evidence of early, subclinical kidney damage from short-term oral exposure 
is scarce. This study assessed dose-dependent proximal tubular damage and its 
correlation with macroscopic renal observations after graded MSG delivery in rats. Sixteen 
male Wistar rats were randomly assigned to four groups (n = 4/group): a control group and 
three groups receiving monosodium glutamate (MSG) at doses of approximately 750, 
1500, or 2250 mg/kg/day (MSG750, MSG1500, MSG2250) through oral gavage for a 
duration of 14 days. Post-necropsy, the kidneys were evaluated macroscopically (kidney 
weight index, linear dimensions, gross lesions) and histologically. Proximal tubular 
epithelial cells were enumerated in 20 non-overlapping cortical high-power fields (HPFs) 
per rat and classified as normal, degenerative, or necrotic; the counts were aggregated to 
obtain the total number of cells per 20 HPFs. Group disparities were assessed utilizing one-
way ANOVA accompanied by Tukey’s post-hoc analyses. The macroscopic appearance, 
kidney weight index, and renal dimensions were consistent between groups (all p > 0.05). 
Conversely, histology revealed a pronounced dose–response relationship: normal tubular 
cell counts diminished progressively, whereas degenerative and necrotic cell counts 
increased significantly with escalating MSG doses (overall one-way ANOVA, p < 0.01).The 
highest-dose group demonstrated significant tubular degeneration and necrosis, despite 
maintaining general morphological integrity. In summary, short-term high-dose oral MSG 
causes significant, dose-dependent harm to the proximal tubules, which may not be evident 
upon gross inspection, indicating that the proximal tubule is an early and sensitive target in 
MSG-related nephrotoxicity. 
 
Keywords: monosodium glutamate; nephrotoxicity; proximal tubular epithelium; 
quantitative histopathology; Wistar rat. 

 

INTRODUCTION 
Monosodium glutamate (MSG) is widely used as a flavour enhancer in 

processed foods and household cooking, and dietary surveys in China indicate 
substantial and variable MSG intake across demographic groups and regions 1. In 
East and Southeast Asia, observational data suggest that MSG use can modify 
dietary salt preference and potentially alter overall sodium exposure in young 
adults 2, which is important in settings where hypertension related to high sodium 
consumption is already a major public health burden 3,4.  

Experimental studies increasingly implicate MSG in renal injury in animal 
models 5–14. Repeated MSG administration impairs renal function and induces 
tubular and interstitial damage, and a range of antioxidant and phytochemical 
interventions have been shown to attenuate these changes 5–14. Comparative work 
in adult and ageing mice shows that MSG and sodium chloride have distinct effects 
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on renal morphology, indicating that MSG-related renal changes cannot be 
attributed solely to sodium load 13. Mechanistic studies consistently link MSG 
toxicity to oxidative stress, inflammation, and dysregulated cell death, with 
increased oxidative markers, inflammatory mediators, and altered caspase-9 and 
BCL-2 expression in MSG-exposed kidneys, which can be ameliorated by 
antioxidant interventions 6–9. Evidence from liver, brain and skeletal muscle 
supports converging oxidative and excitotoxic mechanisms involving glutamatergic 
signalling and mitochondrial dysfunction 3,15–18.  

Concurrently, nephrotoxicity research emphasizes early, subclinical 
detection of kidney damage using sensitive histology and novel biomarkers, 
because functional and gross anatomical changes often appear late 19–22. Studies 
with agents such as cisplatin, colistin, polymyxin B, carbon tetrachloride, 
thimerosal and other chemotherapeutics show that substantial tubular damage and 
marked elevations of neutrophil gelatinase-associated lipocalin (NGAL) and kidney 
injury molecule-1 (KIM-1) can precede overt acute kidney injury and obvious 
macroscopic abnormalities 20–28. This work defines a characteristic “micro–macro 
dissociation”, whereby microscopic tubular injury and biomarker changes are not 
immediately reflected in gross morphology or traditional functional indices 19–22.  

However, several methodological gaps remain when these insights are 
applied to MSG-induced renal injury. Most MSG animal studies prioritize serum or 
urinary biochemical indices and renoprotective effects of interventions, while 
histopathological changes are often described qualitatively or with semi-
quantitative scores rather than with a standardized high-power-field-based 
counting strategy across graded MSG doses 5–13,29. It remains unclear whether 
short-term, graded oral MSG exposure produces a clearly ordered pattern of 
tubular injury that is quantifiable on a per-field basis and whether such microscopic 
changes occur in the absence of obvious macroscopic renal alterations 5,6,9,10,13. In 
addition, the short-term, orally administered dose–response profile of early tubular 
damage under exposure durations that approximate intensive dietary intake has 
not been systematically characterized 3,6,13,25, and only a few studies have 
evaluated gross renal morphology alongside detailed tubular lesions at multiple 
dose levels, so the extent of micro–macro dissociation in MSG-induced renal injury 
remains incompletely defined 5,9,10,13. Taken together, these limitations indicate a 
lack of systematic evidence on whether short-term, graded oral monosodium 
glutamate exposure induces a quantitatively ordered pattern of proximal tubular 
injury that is detectable at the microscopic level but not at the macroscopic level. 

In this context, the present study characterizes the dose-dependent effects 
of short-term oral MSG exposure on renal morphology in Wistar rats by combining 
macroscopic kidney assessment with standardized high-power-field-based 
quantification of tubular epithelial cell injury. A 14-day oral dosing regimen was 
chosen to approximate an intensive, yet realistic pattern of dietary MSG intake in 
humans rather than extreme chronic exposure 1,2. We used a harmonized counting 
protocol based on a fixed number of high-power fields per kidney section and 
explicit criteria to classify tubular epithelial cells as normal, degenerative, or 
necrotic, to obtain a sensitive, quantitative description of early tubular injury under 
graded MSG doses. To our knowledge, no previous MSG nephrotoxicity study has 
systematically combined short-term graded oral dosing, standardized high-power-
field based tubular epithelial cell quantification, and concurrent macroscopic renal 
assessment to interrogate micro–macro dissociation 5,6,9,10,13. We hypothesized 
that repeated oral monosodium glutamate administration for 14 days would 
produce a dose-ordered increase in proximal tubular degeneration and necrosis 
without overt macroscopic renal changes, consistent with early subclinical 
nephrotoxicity. Accordingly, our objectives were to quantify normal, degenerative, 
and necrotic tubular epithelial cells per defined number of high-power fields in 
control and MSG-treated groups, to compare these microscopic findings with 
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macroscopic kidney morphology across dose groups, and to explore the extent of 
micro–macro dissociation in short-term oral MSG nephrotoxicity. 
 

MATERIAL AND METHOD 
Research Design   

This randomized controlled animal experiment was conducted from 
January to June 2022 at the Cytohistotechnology Laboratory, Department of 
Medical Laboratory Technology, Poltekkes Kemenkes Manado, Indonesia, using 
predefined gross and microscopic renal endpoints to evaluate renal effects of 
short-term oral monosodium glutamate (MSG) exposure in rats. The experimental 
protocol complied with national guidelines for the care and use of laboratory 
animals and adhered to ARRIVE 2.0 reporting recommendations. All procedures 
were reviewed and approved by the Health Research Ethics Committee of Manado 
Health Polytechnic, under approval number DP.04.03/FXXX.28/70/2022. 
Population and Samples  

The study population comprised healthy male albino Rattus norvegicus 
aged 10–12 weeks and weighing 200–350 g, obtained from the Minahasa colony 
breeding facility. Using Federer’s formula, a total of 16 rats were allocated to four 
groups (n = 4 per group): one control group and three MSG dose cohorts. Group 
allocation was performed by simple randomisation using a random-number list to 
minimise selection bias. The control group received vehicle only, whereas the 
treatment groups received MSG at 150 mg/200 g body weight (P1), 300 mg/200 g 
body weight (P2), or 450 mg/200 g body weight (P3), corresponding to 
approximately 750, 1500, and 2250 mg/kg/day, respectively. These doses were 
selected to fall within subacute ranges that have induced renal histological 
changes without lethality in prior MSG nephrotoxicity models as investigated by 
Kassab et al., (2021), Koohpeyma et al., (2021) and Celestino et al., (2021). Only 
clinically healthy animals without signs of overt disease were included in the study. 
Materials and Research Tools  

MSG of analytical grade was prepared fresh each day in distilled water for 
oral gavage. Animals were housed in standard polypropylene cages with wood-
chip bedding, maintained at 22–25 °C with 50–60% relative humidity on a 12:12 h 
light–dark cycle, and provided standard laboratory chow and water ad libitum. 
Equipment included analytical balances, oral gavage probes, a tissue processor, 
paraffin embedding station, rotary microtome, staining racks, and a light 
microscope (Olympus CX43) equipped for high-power field (HPF) examination at 
400× magnification. Renal tissue was fixed in 10% neutral buffered formalin for at 
least 24–48 h, processed routinely through graded alcohols and xylene, embedded 
in paraffin, sectioned at 4–5 μm thickness, and stained with haematoxylin–eosin 
(H&E) using standard protocols (e.g., 5 min in haematoxylin followed by 2 min in 
eosin). For microscopic assessment, cortical fields containing proximal tubules 
were examined at high magnification, and tubular epithelial cells were classified 
according to pre-specified morphological criteria: normal cells showed intact brush 
borders, basophilic cytoplasm, and round centrally placed nuclei without 
vacuolisation; degenerative cells exhibited cytoplasmic vacuolation, cell swelling, 
and partial brush-border loss with nuclear chromatin clumping but preserved cell 
outlines; necrotic cells displayed hypereosinophilic cytoplasm, cell shrinkage or 
lysis, and nuclear pyknosis, karyorrhexis, or karyolysis, including desquamated 
cells within the tubular lumen. 
Collection/Research Stages  

After a 7-day acclimatisation period, rats were allocated to the four study 
groups and received their assigned treatments once daily by oral gavage for 14 
consecutive days. The control group received the same volume of distilled water, 
whereas the MGS-treated groups received MSG solutions corresponding to 150, 
300, and 450 mg/200 g body weight (approximately 750, 1500, and 2250 
mg/kg/day), respectively. Animals were observed daily for general clinical signs, 
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behaviour, and food and water intake. At the end of the treatment period, rats were 
fasted overnight, anaesthetised, and euthanised by an approved method 
(ketamine–xylazine anaesthesia) followed by exsanguination. Both kidneys were 
removed through midline laparotomy, gently rinsed in saline, blotted dry, and 
examined macroscopically for colour, surface texture, capsular integrity, cortical–
medullary demarcation, focal lesions, oedema, congestion, mottling, and other 
visible abnormalities. Kidney weight was recorded to calculate the kidney weight 
index (g per 100 g body weight), and linear dimensions (length, width, and 
thickness) were measured using a digital calliper prior to fixation. Representative 
coronal slices including cortex and outer medulla were then fixed in 10% neutral 
buffered formalin for at least 24–48 h, processed routinely, and embedded in 
paraffin. Sections were cut, mounted on glass slides, and stained with H&E as 
described above. For each animal, 20 non-overlapping HPFs of the renal cortex 
containing proximal tubules were selected using a systematic uniform random 
sampling approach: after choosing a random starting field in the outer cortex, 
subsequent fields were captured in a pre-defined serpentine pattern to avoid field-
of-view bias. Histological evaluations were performed by an experienced 
histopathologist who was blinded to group allocation. 
Data Analysis  

For each rat, proximal tubular epithelial cells were counted in 20 non-
overlapping cortical HPFs and classified as normal, degenerative, or necrotic 
according to the morphological criteria described above. For each cell category, 
the counts from all 20 HPFs were then summed to obtain a single animal-level 
total, expressed as the total number of cells in 20 cortical HPFs per rat (absolute 
cell counts, not percentages). Group results were reported as mean ± standard 
deviation (SD) of these animal-level totals and are presented in tables and graphs 
as “total cells in 20 cortical HPFs per rat”. Cell counting was performed manually 
using a hand tally counter without image-analysis software. Before inferential 
analysis, data were checked for normality (Shapiro–Wilk test) and homogeneity of 
variances (Levene test). When assumptions of normality and homoscedasticity 
were met, between-group comparisons were performed using one-way analysis of 
variance (ANOVA) followed by Tukey’s post-hoc test. For ANOVA, F statistics are 
reported with numerator and denominator degrees of freedom in the format F(df₁, 
df₂). A two-sided p value < 0.05 was considered statistically significant. Statistical 

analyses were carried out using standard statistical software (SPSS Version 27.0) 

. 

RESULTS AND DISCUSSION  
Macroscopic Renal Findings   

Grossly, kidneys from control and MSG-treated rats appeared similar in 
size, shape, and external morphology, with smooth surfaces, intact capsules, and 
clear corticomedullary demarcation in all groups (Figure 1). Macroscopic renal 
findings are summarized in Table 1. Quantitative assessment showed no 
statistically significant differences in kidney weight index, renal length, width, or 
thickness among the control, MSG750, MSG1500, and MSG2250 groups (one-
way ANOVA; all p > 0.05). Mean kidney weight index values ranged narrowly 
across groups, and renal dimensions remained comparable irrespective of MSG 
dose. 

Qualitative macroscopic examination revealed no gross abnormalities in 
any experimental group. Across all animals, kidneys exhibited normal colour, 
smooth surface texture, intact renal capsules, and clear corticomedullary 
demarcation. No focal pallor, necrosis, cortical mottling, or evidence of marked 
congestion or oedema was observed in either control or MSG-treated groups. 
Subsequent histopathological analysis was therefore performed to evaluate 
whether microscopic renal alterations were present despite the absence of gross 
morphological changes. 
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A  B  

C  D  
Figure 1. Gross renal morphology of control and monosodium glutamate (MSG)-

treated rats following short-term oral exposure. 
Representative photographs of kidneys from (A) control rats, (B) MSG750 (≈750 mg/kg/day), (C) 
MSG1500 (≈1500 mg/kg/day), and (D) MSG2250 (≈2250 mg/kg/day). Across all groups, kidneys 
appeared comparable in size, shape, surface texture, and external morphology, with intact capsules 
and no visible gross lesions. 

 
Table 1. Quantitative and Qualitative Macroscopic Renal Findings Across 
Experimental 

Parameter 
Control 
(n = 4) 

MSG750 
(≈750 

mg/kg/day) 
(n = 4) 

MSG1500 
(≈1500 

mg/kg/day) 
(n = 4) 

MSG2250 
(≈2250 

mg/kg/day) 
(n = 4) 

p-
value* 

Quantitative macroscopic parameters 
   

Kidney weight 
index (g/100 g 
BW) 

0.80 ± 
0.05 

0.82 ± 0.06 0.79 ± 0.04 0.81 ± 0.05 0.84 

Kidney length 
(mm) 

12.4 ± 
0.6 

12.6 ± 0.7 12.5 ± 0.5 12.3 ± 0.6 0.92 

Kidney width 
(mm) 

7.4 ± 
0.3 

7.5 ± 0.4 7.3 ± 0.3 7.4 ± 0.4 0.77 

Kidney thickness 
(mm) 

5.6 ± 
0.3 

5.7 ± 0.3 5.5 ± 0.2 5.6 ± 0.3 0.81 

Qualitative macroscopic findings 
   

Abnormal colour Absent 
(0/4) 

Absent (0/4) Absent (0/4) Absent (0/4) — 

Irregular surface 
texture 

Absent 
(0/4) 

Absent (0/4) Absent (0/4) Absent (0/4) — 

Capsular 
adhesion or 
rupture 

Absent 
(0/4) 

Absent (0/4) Absent (0/4) Absent (0/4) — 

Blurred 
corticomedullary 
demarcation 

Absent 
(0/4) 

Absent (0/4) Absent (0/4) Absent (0/4) — 

Focal pallor or 
necrosis 

Absent 
(0/4) 

Absent (0/4) Absent (0/4) Absent (0/4) — 
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Marked 
congestion or 
oedema 

Absent 
(0/4) 

Absent (0/4) Absent (0/4) Absent (0/4) — 

Cortical mottling Absent 
(0/4) 

Absent (0/4) Absent (0/4) Absent (0/4) — 

Note: Values are presented as mean ± SD. *p-values were calculated using one-way ANOVA for 
quantitative macroscopic parameters only. No statistically significant differences were observed 
between the control and MSG-treated groups (all p > 0.05). Qualitative findings are expressed as 
presence/absence (number of affected animals/total animals per group). 
 

Although macroscopic renal morphology remained unaltered across all 
experimental groups, subsequent histopathological analysis revealed dose-
dependent microscopic alterations in renal tissue. 
 
Quantitative Tubular Cell Counts   

In contrast to the macroscopic observations, quantitative histopathological 
investigation demonstrated distinct dose-dependent variations in the numbers of 
proximal tubular epithelial cells. Cell counts for each animal were derived by 
aggregating category-specific counts across 20 non-overlapping cortical high-
power fields (HPFs) per rat (Table 2, Figure 2).  The quantity of morphologically 
normal proximal tubular epithelial cells diminished significantly with escalating 
MSG dosage. The mean ± standard deviation of normal cell counts per 20 cortical 
high-power fields decreased from 92.50 ± 7.05 in the control group to 79.75 ± 13.72 
in MSG750, 55.25 ± 14.90 in MSG1500, and 11.50 ± 3.10 in MSG2250. One-way 
ANOVA revealed a highly significant overall group impact for normal cell counts 
(F(3,12) = 43.31, p < 0.01). Post-hoc analysis revealed that normal cell counts 
were considerably diminished in MSG1500 and MSG2250 relative to the control 
group (p < 0.01), but the decrease noted in MSG750 did not achieve statistical 
significance. 

In contrast, the quantity of necrotic proximal tubular epithelial cells 
significantly escalated with increasing doses of MSG. The mean ± SD necrotic cell 
counts per 20 cortical high-power fields increased from 12.50 ± 1.29 in the control 
group to 25.50 ± 4.43 in MSG750, 45.25 ± 4.19 in MSG1500, and 56.00 ± 11.83 in 
MSG2250. One-way ANOVA demonstrated a significant group effect for necrotic 
cells (F(3,12) = 34.05, p < 0.01). Post-hoc analyses revealed that all groups treated 
with MSG had significantly elevated necrotic cell counts compared to the control 
group (p < 0.01).  

Degenerative proximal tubular epithelial cells also exhibited an increase 
across MSG dosage groups. The mean ± standard deviation of degenerative cell 
counts per 20 cortical high-power fields were 5.50 ± 1.29 in controls, 20.00 ± 3.82 
in MSG750, 26.25 ± 7.27 in MSG1500, and 31.75 ± 5.74 in MSG2250. The group 
effect was substantial (F(3,12) = 20.06, p < 0.01). Post-hoc analysis revealed that 
degenerative cell counts were significantly elevated in all MSG-treated groups 
relative to controls (p < 0.01), although variations within the MSG-treated groups 
were less evident. 

 
Table 2. Proximal tubular epithelial cell counts in 20 cortical high-power fields 
(HPFs) per rat in control and MSG-treated groups (n = 4 per group) 

Group Normal 
cells 

(Mean ± 
SD) 

Post-
hoc p-

value vs 
Control 

Degenerative 
cells (Mean ± 

SD) 

Post-
hoc p-

value vs 
Control 

Necrotic 
cells 

(Mean ± 
SD) 

Post-
hoc p-

value vs 
Control 

Control 92.50 ± 
7.05 

– 5.50 ± 1.29 – 12.50 ± 
1.29 

– 

MSG750 79.75 ± 
13.72 

0.149 20.00 ± 3.82 < 0.01* 25.50 ± 
4.43 

< 0.01* 

MSG1500 55.25 ± 
14.90 

< 0.01* 26.25 ± 7.27 < 0.01* 45.25 ± 
4.19 

< 0.01* 
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MSG2250 11.50 ± 
3.10 

< 0.01* 31.75 ± 5.74 < 0.01* 56.00 ± 
11.83 

< 0.01* 

Note: Values are expressed as mean ± standard deviation (SD) of animal-level totals. For each rat, 
proximal tubular epithelial cells were counted in 20 non-overlapping cortical HPFs and classified as 
normal, degenerative, or necrotic; counts for each category were summed across the 20 fields to 
obtain total cell counts per rat. One-way ANOVA demonstrated significant group effects for normal 
(F(3,12) = 43.31, p < 0.01), degenerative (F(3,12) = 20.06, p < 0.01), and necrotic cells (F(3,12) = 
34.05, p < 0.01). Pairwise comparisons versus the control group were performed using Tukey’s 
honestly significant difference (HSD) test. *p < 0.01 versus control. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Dose-dependent changes in proximal tubular epithelial cell counts 
following oral monosodium glutamate exposure. 

Bars represent mean ± SD of total proximal tubular epithelial cell counts per 20 cortical high-power 
fields (HPFs) per rat (n = 4 per group). Green bars indicate normal cells, orange bars indicate 
degenerative cells, and red bars indicate necrotic cells. Asterisks denote statistically significant 
differences compared with the control group (* p < 0.05, ** p < 0.01, *** p < 0.001), as determined by 
one-way ANOVA followed by Tukey’s honestly significant difference (HSD) test. 

 
Qualitative Histological Features  

Representative H&E-stained sections of the renal cortex are shown in 
Figure 3. In the control group, proximal tubules displayed normal architecture with 
intact brush borders, narrow lumina, and tubular epithelial cells with basophilic 
cytoplasm and centrally located nuclei (black arrows). In MSG750, sporadic 
degenerative changes were observed, including mild cytoplasmic vacuolation and 
focal epithelial swelling (yellow arrows), while most tubules retained normal 
morphology. In MSG1500, degenerative alterations were more frequent and 
extensive, with tubular epithelial swelling, prominent vacuolation, focal loss of 
brush border (yellow arrows), and isolated necrotic cells (red arrows). In MSG2250, 
marked tubular injury was evident, characterised by diffuse epithelial degeneration 
(yellow arrows), numerous necrotic cells with hypereosinophilic cytoplasm and 
pyknotic or fragmented nuclei (red arrows), luminal desquamation, and mild tubular 
dilatation. Interstitial congestion and mild inflammatory cell infiltration were variably 
present but did not dominate the lesion pattern. 
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A B  

C D  

Figure 3. Representative histopathological features of proximal tubular injury in 
the renal cortex following graded oral monosodium glutamate exposure. 

Representative H&E-stained sections from (A) control rats showing normal proximal tubules with 
intact brush borders and centrally located nuclei; (B) MSG750 (≈750 mg/kg/day) showing mild 
degenerative changes with focal cytoplasmic vacuolation; (C) MSG1500 (≈1500 mg/kg/day) showing 
more frequent degenerative alterations including tubular swelling, vacuolation, focal brush-border 
loss, and isolated necrotic cells; and (D) MSG2250 (≈2250 mg/kg/day) showing marked tubular injury 
with diffuse degeneration, numerous necrotic epithelial cells, luminal desquamation, and mild tubular 
dilatation. Black arrows indicate morphologically normal proximal tubules; yellow arrows indicate 
degenerative tubular epithelial cells; red arrows indicate necrotic tubular epithelial cells. H&E staining, 
original magnification ×400; scale bar = 50 µm. 
 

The present study demonstrates that short-term, graded oral monosodium 
glutamate exposure is associated with a clear dose-ordered pattern of proximal 
tubular epithelial injury in Wistar rats, occurring in the absence of detectable gross 
renal abnormalities. Over the 14-day exposure period, the total number of 
morphologically normal proximal tubular epithelial cells per 20 cortical high-power 
fields declined markedly from the control group to the highest-dose group, 
accompanied by pronounced increases in both degenerative and necrotic cell 
populations. These quantitative alterations, together with the corresponding 
qualitative histopathological findings, indicate that the proximal tubular epithelium 
represents an early and particularly sensitive target of MSG-induced renal injury 
under the exposure conditions examined. 

MSG-related renal injury has been reported in several preclinical models, 
almost invariably in the context of evaluating antioxidant or phytochemical 
interventions 5,6,8,11,14,30,31. Most of these studies describe tubular damage, 
interstitial oedema, and glomerular alterations and use semi-quantitative 
histological scores alongside serum creatinine, urea, and oxidative stress indices. 
Our findings are broadly consistent with their description of MSG-induced 
nephrotoxicity, but extend this literature by applying a standardised HPF-based 
counting protocol across three graded oral doses without concomitant 
renoprotective treatment. By quantifying absolute numbers of normal, 
degenerative, and necrotic tubular cells per defined area, we demonstrate a clear 
monotonic dose–response relationship that is more granular than composite 
histological scores and may be more suitable for future dose–response modelling. 
To our knowledge, this represents one of the first demonstrations of a quantitatively 
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ordered, HPF-based dose–response pattern of proximal tubular injury following 
short-term oral MSG exposure in the absence of renoprotective co-interventions.  

Mechanistically, our morphological pattern of vacuolar degeneration, loss 
of brush border, epithelial swelling, and frank necrosis is compatible with oxidative 
and inflammatory pathways that have been implicated in MSG toxicity. Studies in 
which apocynin, protocatechuic acid, honeybee products, curcumin, or plant 
extracts attenuated MSG-related renal damage consistently report reductions in 
lipid peroxidation and restoration of antioxidant defences. Studies in which 
apocynin, protocatechuic acid, honeybee products, curcumin, or plant extracts 
attenuated MSG-related renal damage consistently report reductions in lipid 
peroxidation and restoration of antioxidant defences, together with attenuation of 
tubular injury and inflammatory changes 6,8,11,14,30,31. Sub-chronic MSG exposure 
has also been shown to provoke adaptive or defensive responses in renal tissue, 
including modulation of antioxidant enzymes and stress-responsive pathways in 
older rats 32, and to alter renal metabolic profiles and gut microbial composition in 
ways that may enhance oxidative and inflammatory stress 33,34. Together with 
reports of hepato-cardiac derangement and systemic metabolic disruption in MSG-
treated rodents 32,34,35. Taken together, these data are consistent with the 
interpretation that the tubular lesions observed in our study may reflect a broader 
oxidative and excitotoxic milieu, rather than isolated structural damage, although 
direct mechanistic measurements were not performed. 

Beyond MSG, our observations align with broader nephrotoxicity research 
showing that proximal tubules are a common and early target for structurally 
diverse toxicants. Consistent with our observations, a wide range of structurally 
diverse nephrotoxicants, including antibiotics, chemotherapeutic agents, heavy 
metals, nanoparticles, and plant-derived toxins, have been shown to preferentially 
target proximal tubular epithelium, inducing injury mediated by oxidative stress, 
mitochondrial dysfunction, and tubular cell death 36–42. In these models, detailed 
histology and early biochemical markers frequently reveal substantial tubular 
damage before creatinine rises or kidney size and gross morphology change 
detectably, reinforcing the concept that highly metabolically active proximal tubules 
function as a sensitive early warning compartment. Our data suggest that short-
term oral MSG exposure can be placed on the same mechanistic continuum, with 
proximal tubular epithelium again acting as the primary early target.  

An important feature of our findings is the pronounced micro–macro 
dissociation: kidneys remained macroscopically normal in size, colour, and 
corticomedullary demarcation across all MSG doses, whereas quantitative 
histopathology documented substantial tubular degeneration and necrosis at the 
highest dose. This pattern mirrors the disconnect between mild or absent gross 
changes and extensive microscopic injury reported in other experimental 
nephrotoxicity settings and mixture risk assessments, where microscopic lesions 
and biomarker changes emerge long before overt anatomical distortion 36–39,43. In 
the context of MSG, such dissociation implies that reliance on gross anatomy or 
routine functional indices alone may underestimate early kidney injury, particularly 
under high intake or combined exposure scenarios.  

From a translational perspective, the doses used here exceed typical daily 
MSG intakes reported for most consumers but fall within the range commonly 
employed in rodent toxicology studies aimed at probing mechanisms and 
identifying hazard thresholds 5,30,31,33,34. Our data therefore do not imply that 
ordinary culinary MSG use will necessarily produce similar tubular damage in 
humans, but they highlight that repeated high oral doses can elicit marked 
subclinical tubular injury in the absence of overt macroscopic change. Importantly, 
these findings should be interpreted within a hazard-identification framework rather 
than as direct evidence of human risk at typical dietary exposure levels. Given 
accumulating evidence that MSG can modify renal metabolic profiles, systemic 
oxidative balance, and gut–renal interactions 32–34, it is plausible that our 
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histological findings represent one component of a wider risk profile in susceptible 
individuals, particularly when combined with other nephrotoxicants or 
cardiometabolic risk factors.  

This study has several limitations that should be acknowledged. The 
sample size in each group was modest, and only male rats were studied, so sex-
specific differences in susceptibility could not be explored. The exposure period 
was relatively short and did not include a recovery phase, precluding conclusions 
about the persistence or reversibility of MSG-induced tubular injury. We did not 
measure serum creatinine, blood urea nitrogen, urinary biomarkers, or renal 
oxidative stress indices in parallel with histopathology, whereas many MSG and 
non-MSG nephrotoxicity studies have combined biochemical, molecular, and 
histological endpoints to provide a more integrated picture of injury and protection 
6,8,30,31,36,37,39,40. Ultrastructural changes were not examined by electron microscopy, 
and we did not undertake detailed quantification of glomerular or interstitial 
compartments. Finally, manual HPF-based counting is labour intensive and subject 
to observer variability, although we attempted to minimise bias by using 
randomised field selection and blinded assessment. Accordingly, the present 
findings should be viewed as indicative of early histological injury rather than 
definitive predictors of functional renal impairment. 

Future work should therefore combine graded MSG dosing with integrated 
functional, biochemical, and molecular endpoints, extend exposure and recovery 
periods, and examine interactions with other dietary or pharmacological 
nephrotoxicants, potentially using mixture-oriented risk assessment frameworks 
36,38,43. Within such designs, the HPF-based tubular cell counting approach used 
here could serve as a sensitive histological anchor point for interpreting early 
biomarker changes. In this context, quantitative HPF-based histopathology may 
provide a valuable bridge between early molecular perturbations and later 
functional outcomes. Overall, our findings support the concept that proximal tubular 
epithelium represents an early and vulnerable target of short-term high-dose oral 
MSG exposure and underscore the need to consider subclinical histological injury 
when evaluating renal safety in settings of high MSG intake. 

 
CONCLUSION 

In conclusion, short-term graded oral monosodium glutamate 
administration in Wistar rats is associated with a clear, dose-dependent shift in 
proximal tubular epithelial morphology, progressing from predominantly normal 
architecture to marked degeneration and necrosis, while gross renal morphology 
remains preserved. Quantitative high-power-field–based analysis demonstrated a 
progressive decline in normal tubular cells accompanied by parallel increases in 
degenerative and necrotic cells across increasing MSG doses. Together, these 
findings indicate that proximal tubular epithelium represents an early target of 
short-term high-dose MSG exposure and that reliance on gross renal morphology 
alone is insufficient to detect subclinical injury. Although the doses used exceed 
typical dietary intake and functional biomarkers were not assessed, the 
pronounced microscopic damage observed in the absence of overt macroscopic 
change highlights the importance of integrated histological, biochemical, and 
biomarker-based approaches when evaluating renal safety under conditions of 
high MSG exposure or combined nephrotoxic stressors. 
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